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ABSTRACT 
A biosensor is a compact analytical device incorporating a biologically active 
sensing element associated with a physicochemical transducer.  The biological 
or biochemical event recognised by the sensing element is converted, 
selectively, into a detectable signal, electrical/optical, by the transducer, without 
prior separation of multi-component samples.  An appropriate union between the 
electrochemical sensor and biological component is often essential to eliminate 
major limitations including high reagent consumption, large signal loss due to 
diffusion of the reagents out of the detection zone, low signal to noise ratio, non 
specific binding, electrode fouling etc.  Effective immobilization of redox 
molecules can solve most of these issues to a significant extent.  
The oxidative electropolymerization of two ruthenium complexes, 
[Ru(aphen)2bpy]2+ and [Ru(aphen)3]2+ where, aphen = 5-amino-1,10-
phenanthroline, bpy = 2,2’-bipyridine), in aqueous and organic media is reported 
along with their electrochemical, photophysical and ECL properties.  The results 
highlight the potential of these polymeric luminophores, as biological 
immobilization matrix in the development of biosensors.  
Also in order to increase the sensitivity of the ECL biosensors, potential 
modulation technique coupled with synchronous lock-in detection was used to 
study surface confined [Ru(bpy)2(PVP)10]2+ where, PVP = poly(vinyl pyridine) 
films.  This novel approach provides the capability of phase sensitive detection, 
which allows differentiation of analytical signal from stray light. Thus, 
eliminating one of the key limitation of an ECL biosensor. 
And finally a novel high brightness luminophore [Ru(bpy)2 (pic)]2+ where, pic =  
2-(4-carboxyphenyl)imidazo[4,5-f][1,10] phenanthroline, has been used as an 
electrochemiluminescent antibody (IgG) label to perform novel immunoassay . 
The performance of this assay has been optimized to detect very low 
concentrations of anti-IgG  
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CHAPTER I 
LITERATURE SURVEY 
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1.1 INTRODUCTION 
The world of medical diagnostics has advanced at a tremendous rate during the 
past decade or so, as a number of life threatening diseases like cancer, coronary 
artery disease, diabetes etc. are becoming more and more common.1-4  The best 
method to diagnose and treat these life threatening diseases is by early detection 
and real time monitoring of early stage ‘biomarkers’.  Biomarkers have gained 
immense scientific and clinical interest in recent years.1,3,5-7  They are 
substances whose presence in the body indicates a particular disease state.  For 
instance, elevated levels of troponin T or I ( > 350 nM)8 indicate the occurrence 
of acute myocardial infarction (heart attack) and the longer the Troponin level is 
elevated, the more extensive is the infarct.9  A biomarker indicates a change in 
expression or state of a protein that correlates with the risk or progression of a 
disease, or with the susceptibility of the disease to a given treatment.  Thus, they 
are very useful in the contexts of primary, secondary and tertiary prevention.4  
Pico to femto level detection of biomarkers can be achieved by integrating the 
revolutionary advances made in biotechnology and genetics for the recognition 
of specific biomarkers with the advances in electrochemistry, photonics and 
nanotechnology for analytical capability.  This integration has lead to the 
development of a new breed of sophisticated and reliable biosensors.   
A biosensor is a compact analytical device incorporating a biologically active 
sensing element associated with a physicochemical transducer.  The biologically 
active sensing element recognizes specific analyte.  This recognition is 
selectively converted into a detectable signal, without separation of interfering 
components.10,11  Figure 1.1 depicts the basic components of a biosensor.   
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Figure 1.1: Basic components of a biosensor.   
Sensors are built on surfaces and the nature of the support, the coating on its 
surface and the biomolecule immobilization strategies, all play pivotal role in 
determining its function.  This thesis focuses on the utilization of novel 
ruthenium polypyridyl materials for the development of sensitive and selective 
electrochemiluminescent biosensor platforms.   
This thesis is organized into several sections.  Chapter 1 reviews relevant 
literature.  The concepts relating to the solid state electrodes are introduced.  
Relevant literature related to transducer surface modification with 
metallopolymers and carbon nanotubes is briefly summarized.  Finally, the 
general principles, mechanisms and analytical applications of 
electrochemiluminescence (ECL) are presented.   
Chapter 2 outlines the experimental methods and procedures used to synthesise 
and characterize the various ruthenium polypyridyl complexes employed.   
Chapter 3 describes the modification and characterization of glassy carbon 
electrodes with [Ru(bpy)2PVP10]2+ polymer layer, where bpy = 2,2’-bipyridine 
and PVP= poly 4 vinylpyridine.  The polymer layer has been characterized using 
profilometry, cyclic voltammetry and AC impedance.  The fabrication of 
vertically aligned single walled carbon nanotube (SWCNT) ITO electrodes 
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along with the functionalization of SWCNT and formation of IgG-G1-
(Ru(bpy)2PICH2) where, PICH2 is 2-(4-carboxyphenyl)imidazo[4,5-
f][1,10]phenanthroline], bio-conjugates are described in detail in this chapter.   
The electropolymerization of [Ru(aphen)2bpy]2+ and [Ru(aphen)3]2+ complexes 
where, aphen = 5-amino-1,10-phenanthroline, and the properties of the 
electropolymerised films formed by oxidative electropolymerization in two 
different media namely, anhydrous acetonitrile and sulphuric acid, are reported 
in Chapter 4.  The photophysical and spectroscopic properties of the films 
including electrochemiluminescence properties are discussed.  The advantage of 
these polymeric luminophores as an immobilization matrix and ECL emitters is 
highlighted.   
Chapter 5 describes the use of an AC and DC potential modulation technique for 
sensitive detection of ECL from [Ru(bpy)2PVP10]2+ polymer modified electrode.  
The analytical performances of both DC and AC modulation techniques for the 
solution phase and surface confined ruthenium species is reported.  For the 
purpose of interpretation, the impedance characteristics of the polymer film at 
different potentials have been modelled using a modified Randle-Ershler circuit.   
Finally, Chapter 6 describes the patterned assembly of nanotube forests on 
transparent ITO substrates.  Also two different methodology, drop coating and 
inkjet printing has been reported along with ultrasensitive detection of proteins 
by a novel approach using G1.5 acid terminated PAMAM dendrimers as size 
selective protein linkers.  This chapter also provides an overview of the 
SWCNT-ITO immunosensors’ analytical performance.   
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1.2 BIOSENSORS 
The name biosensor itself signifies that the device has two elements, namely a 
bio-element and sensor element.  The bio-element can be proteins, antibody, 
antigen, enzymes, DNA, living cells, tissues etc.  The sensor elements can 
include a variety of transduction devices which work on various mechanisms 
like electric current, potential, light, impedance, intensity and phase of 
electromagnetic radiation, viscosity and mass.10-12   
Based on the transduction method used, biosensors are classified11 as thermal, 
optical, ion-sensitive or electrochemical.13  However, many biological molecules 
are not intrinsically electroactive and hence they cannot be detected directly.  
Indirect methods like using enzymes, which catalyze bio-specific redox 
reactions, are then employed.  These enzymes facilitate the production of 
electroactive species, which can then be detected by electrochemical methods.11   
However, an appropriate union between the electrochemical sensor and 
biological component is often essential to eliminate major limitations including 
large signal loss due to diffusion of the reagents out of the detection zone or 
high reagent consumption, low signal to noise ratio, interferences due to non 
specific binding or electrode fouling etc.  Effective immobilization techniques 
can solve most of these issues to a significant extent.  The fundamental 
prerequisites of biomolecule deposition procedures are:30 
1. Efficient and stable immobilization of the biological macromolecule on 
the transducer surface 
2. Complete retention of its biological properties 
3. Biocompatibility and chemical inertness of the host structure and 
4. Accessibility of the immobilized biomolecules so that they can bind their 
guests, e.g., antigen, nucleic acid etc. 
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1.3 ELECTROCHEMILUMINESCENCE 
1.3.1 Introduction and general principles 
Electrochemiluminescence or electrogenerated chemiluminescence (ECL) is a 
means of converting electrical energy to radiative energy.14  Although 
luminescence during electrolysis was observed in 1920, the first detailed report 
on ECL by Hercules15 was published in 1964.  From then on, it has been 
extensively investigated to elucidate the mechanism and develop applications.   
ECL mainly involves the production of reactive intermediates from stable 
precursors at the surface of the electrode.  These intermediates then undergo 
electron transfer reactions under a variety of conditions to form excited states 
that emit light.  ECL is very similar to chemiluminescence (CL), in the sense 
that in both processes light is produced by species that undergo highly energetic 
electron transfer reactions.  However, luminescence in CL is initiated by mixing 
reagents and careful manipulation of fluid flow.  In contrast, in ECL, 
luminescence is initiated and controlled by changes in the electrode potential.14  
ECL has many advantages over the other luminescence techniques.  Firstly, in 
ECL the electrochemical reaction allows for precise control over the time and 
position of the light emitting reaction.  Control over time allows one to 
synchronise the luminescence and the biochemical reaction under study.  
Control over position not only improves sensitivity of the instrument by 
increasing the signal to noise ratio, but also allows multiple analytical reactions 
in the same sample to be analysed using an electrode array.  ECL is also a more 
selective and non-destructive technique as varying the electrode potential can 
precisely control the generation of excited states and most of the ECL emitters 
are regenerated after emission.  Many analytical methods such as high 
performance liquid chromatography (HPLC), liquid chromatography (LC), 
capillary electrophoresis (CE) and flow injection analysis (FIA) require the 
addition of reagents in separate streams to produce CL.  This often results in 
expensive instrumentation, sample dilution and peak broadening.  In ECL 
however, the reactants are generated in situ.  Also there is no light source 
involved and hence problems related to scattering of light, auto fluorescence and 
presence of luminescent impurity are avoided.16  These make the 
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instrumentation for ECL simple and inexpensive.  Most researchers in the field 
construct their own apparatus, either by modifying electrochemical apparatus to 
include a light detector, or by replacing the excitation light source in a 
spectrometer with an electrochemical cell, or more typically by building a 
dedicated ECL flow cell.17   
The rapid development in the field of electrochemiluminescence detection 
indicates the importance of this technique in terms of ultra sensitive detection 
and quantification of biomolecules.  ECL has great promise in the field of 
biosensors, which require miniaturization, multi-analyte sensing, high 
sensitivity, low detection limit and good selectivity.  However, one of the 
biggest disadvantage of this technique is it greatly depends on the rate of charge 
transfer.  High charge transfer rates significantly increase signal intensity and 
hence sensitivity.  A better understanding of the ECL mechanisms, biomolecular 
interactions with ECL reactants, kinetics and thermodynamics of the analyte can 
provide valuable insights into the phenomena of charge transport through thin 
electrochemiluminescent layers.   
The basic equipment needed for ECL generation is very simple and consists of 
an electrochemical cell and a light detector.  ECL is typically detected with a 
photodetector such as a photomultiplier tube (PMT), a photodiode, or a charge-
coupled device (CCD) that is positioned to collect light from the working 
electrode.  In flow-based systems, part of the electrochemical cell is transparent 
so that the light generated at the electrode can reach the detector.  The electrodes 
and the detector are contained within a light tight housing to reduce background 
light.18   
Although several designs are present in the literature, many stem from the same 
basic design16,19 shown in Figure 1.2.  However, a trend towards miniaturization 
is observed recently.20-23   
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Figure 1.2: Schematic diagram of a typical basic experimental apparatus used 
for the generation and measure of ECL.  Reprinted from Knight, A.; A review of 
recent trends in analytical applications of electrogenerated chemiluminescence, 
trends in analytical chemistry, 1999, 18, 1.   
A major disadvantage with the current ECL setup is the light tight housing.  
Fluorescence and ECL detection both need “black box” conditions and this is a 
major road block in the field of chip based sensors.  However, Preston and co-
workers24 have developed a novel ECL probe that does not require conventional 
dark box conditions and can exclude ambient light.  This probe contains a 
shielded transducer and it was tested with [Ru(bpy)3Cl2] system and luminol 
ECL coupled with an immobilized oxidase enzyme.  However, there still exists 
a need to develop ECL instrumentation such that chip based ECL sensors could 
be used outside the lab.   
 
1.3.2 Mechanisms of ECL generation 
ECL can arise from organic as well as inorganic substances.14,25,26  It can also be 
produced by annihilation reactions between reduced and oxidized forms of the 
same species.  ECL can also be observed when a co-reactant is employed that 
forms an energetic oxidant or reductant on bond cleavage.18  Alternative pulsing 
of the electrode potential as well as direct current (D.C.) electrolysis may be 
used and the precursors may be generated sequentially at the electrode by CV or 
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potential step techniques or simultaneously at a rotating ring disk or double band 
electrode. 
Traditionally, ECL was generated via annihilation, which involved electron 
transfer reactions between an oxidized and a reduced species, both of which 
were generated at an electrode by alternate pulsing of the electrode potential.14  
This approach is typically called “annihilation”, and a general mechanism is 
outlined below: 
Scheme 1 
A + e- A-                                                                                                         1.1 
A - e- A+                                                                                                         1.2 
A- + A+  A* + A                                                                                            1.3 
A* A + h                                                                                                       1.4 
Where, Equation 1.1 is reduction at the electrode, Equation 1.2 is oxidation at 
the electrode, Equation 1.3 excited state formation and Equation 1.4 light 
emission.  For example, when the potential of the working electrode is quickly 
changed between two values in order to generate the reduced, A  and 
oxidized, A  species (Equations 1.1 and 1.2, respectively) that will react near 
the electrode surface to form the emissive state, A*(Equation 1.3).  These types 
of reactions generally involve the use of rigorously purified and deoxygenated 
nonaqueous solvents (e.g. dimethylformamide and acetonitrile), since the 
available potential range in water is too narrow to generate the required 
energetic precursors.18  Many ECL reactions of this type have been investigated 
and their mechanisms are well understood.14,27,28   
However, as these reactions need organic solvents they are of limited 
applicability especially in the field of biosensors, as all bio-related samples or 
analytes require aqueous medium.   
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1.3.3 Co-reactant ECL 
Of more interest to practical applications, is ECL that can be generated utilizing 
a co-reactant, in a single step.14  A co-reactant is a species’ capable of forming 
strong oxidants or reductants upon bond cleavage such as oxalate (C2O42-) or 
peroxodisulphate (S2O82-).26  However, it should be noted that while being a 
strong oxidizing/reducing agent is very important, it is not the only condition 
required for a co-reactant to produce ECL.  Other conditions, like the solubility 
of the co-reactant in the reaction media, stability of the intermediate species 
generated electrochemically and chemicall,26 ability of the co-reactant to form 
intermediates is equally important.  The intermediates should have sufficient 
reducing or oxidizing energy to react with the oxidized or reduced luminophore 
to form excited state.14  The co-reactant should also be able to produce 
intermediates that can undergo rapid reaction with the redox luminophore and 
should not be good quenchers of ECL25.  Finally the co-reactant itself should not 
emit any ECL signal over the potential range scanned.26   
Oxalate ion (C2O4 2-) was first reported by Bard’s group29 in 1977.  It is believed 
to produce the strong reductant 2CO upon oxidation in aqueous solution:  
C2O4 2- -e-  [C2O4 -]  CO2 - + CO2                                                             1.5 
The oxidizing potential can also oxidize an ECL luminophore such as 
[Ru(bpy)3]2+.   
[Ru(bpy)3]2+ - e-  [Ru(bpy)3]3+                                                                        1.6 
[Ru(bpy)3]+ and CO2- then react to produce an excited state which is capable of 
emitting light.  In co-reactant ECL, the electrode typically only oxidizes or 
reduces the reagents in a single potential step, unlike the annihilation schemes 
where a double-potential step (e.g. oxidation followed by reduction) is required 
to generate the highly energetic precursors.14  Another system which has very 
important practical applications is the [Ru(bpy)3]2+/ Tri-n-propylamine (TPA) 
system.  The TPA system has become highly central, as it not only allows 
efficient ECL in aqueous media but also at physiological pH 7.4.  ECL in this 
system is produced upon concomitant oxidation of [Ru(bpy)3]2+ and TPA as 
 13 
shown in Figure 1.3, in which tripropylamine in solution is either oxidized or 
reduced at the same potential step as the [Ru(bpy)3]2+.  The co-reactant then 
forms a new species, which reacts with the [Ru(bpy)3]2+ to generate light.  
However, recent work utilizing cyclic voltammetric simulations, SECM and 
ECL experiments on the [Ru(bpy)3]2+/TPA system indicates that other reaction 
mechanisms for the production of the excited state are also possible.  Four 
different schemes have been proposed14,25,30,31 and are as shown in Figure 1.4.   
 
 
Figure 1.3: Proposed mechanism for TPA/[Ru(bpy)3]2+ ECL system.  Reprinted 
from Electrochemiluminescence (ECL), Richter, M. M, Chem. Rev., 2004, 104, 
3003-3036.  
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Figure 1.4: Schemes for tripropylamine and [Ru(bpy)3]2+  reaction mechanism.  
Reprinted from Electrogenerated Chemiluminescence 69: The Tris(2,2'-
bipyridine)ruthenium(II), (Ru(bpy)32+)/Tri-n-propylamine (TPrA) System 
Revisited-A New Route Involving TPrA•+ Cation Radicals, where, TPrA+ = 
(CH3CH2CH2)3N+, TPrAH+=Pr3NH+, TPrA=Pr2NCHCH2-CH3, 
P1=Pr2N+C=HCH2CH3 and P2=Pr2NH + CH3CH2-CHO, J. Am. Chem. Soc., 
2002, 124, 48, 14478-14485. 
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From the above reactions mechanisms, it is evident that the key feature of ECL 
is that the reaction is highly exergonic and although production of ground state 
species is highly exergonic, faster kinetic pathways also exists.32  Significantly, 
these aspects should be taken into consideration when designing new ECL 
systems.  Researchers are devoting significant efforts towards developing novel 
transition metal complexes to be used as ECL probes.33,34  Since all the work 
reported here has been done with ruthenium polypyridyl complexes their 
photophysical, spectroscopic and electrochemiluminescent properties are 
outlined below.   
 
1.3.4 Ruthenium polypyridyl complexes as luminescent ECL probes 
All the transition-metal complexes discussed here have six d electrons.  The 
presence of ligands splits the d-orbital energy level into three lower (t) and two 
higher (e) orbitals35 as shown in Figure 1.5.  The extent of splitting is 
determined by the crystal-field strength .  The three lower-energy d orbitals are 
filled by the six d electrons.  Transitions between the orbitals te are formally 
forbidden.  Hence, even if d-d absorption occurs, the radiative rate is low and 
emission is not observed.  Additionally, electrons in the e orbitals are 
antibonding with respect to the metal-ligand, so excited d-d states are usually 
unstable.  The appropriate combination of metal and ligand results in a new 
transition involving charge transfer between the metal and the ligand.  For the 
purpose of this study, metal-to-ligand charge transfer states are particularly 
important.  They are the lowest-energy excited states for the metal complexes 
studied here and are responsible for their electrochemiluminescence processes.   
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Figure 1.5: Orbital and electronic states of metal-ligand complexes.  The d 
orbitals are associated with the metal and the  orbitals are associated with the 
ligands.  Reprinted from Lakowicz, J. R.; Principles of fluorescence 
spectroscopy, second edition, 1999, 573-594.   
The complexes that are dealt in this thesis are octahedral d6 metal complexes.  
MLCT transitions in these complexes occur from occupied M (t2g) metal based 
orbitals to empty * ligand based molecular orbital (MO) and formally 
corresponds to the oxidation of the metal and reduction of the ligand in the 
excited state.36,37   
Their energies are therefore related to the redox properties of the metal complex.  
Indeed, for complexes with easily reducible ligands such as -diimines, MLCT 
levels are significantly stabilized.  MLCT absorption bands are usually intense 
and emission from these states is formally phosphorescence.  However, these 
states are somewhat shorter lived (hundreds of nanoseconds) than normal 
phosphorescence states.  The luminescence of these MLCTs is thought to be 
 17 
short lived due to spin-orbit coupling with the heavy metal atom, which allows 
the normally forbidden transition to the ground state.36,37   
A schematic diagram of the electronic property for typical ruthenium 
polypyridyl complexes is as shown in Figure 1.9.38   
 
 
Figure 1.6: Schematic diagram of the electronic properties of typical ruthenium 
polypyridyl complexes.  Reprinted from Forster, R. J.; Keyes, T. E.; Vos, J. G.; 
Interfacial Supramolecular Assemblies, John Wiley & Sons, Ltd, England, 
2003.   
Upon excitation of the molecule, an electron is promoted from a metal-based 
ground state, d–d in character, to a π*-orbital of the 2,2-bipyridyl ligand.  This is 
a singlet state 1MLCT transition.  Fast and efficient intersystem crossing occurs, 
in less than 300 fs, from this singlet state to a triplet 3MLCT state.38  From this 
state, deactivation can occur either via radiative or non-radiative pathways.  The 
radiative decay will lead to emission, whereas in non-radiative pathway, the 
excess energy is dissipated by deactivation with solvent or via population of the 
metal-centered triplet (3MC) state.  Generally, the nonradiative decay rates (knr) 
are faster than radiative decay rates (), and the decay times are determined 
mostly by non-radiative decay rates.35  Also, population of the 3MC state has 
important implications.  If this occurs, the electron occupies an anti-bonding 
metal-based orbital, resulting in distortion of the metal ligand axes and 
weakening the Ru-N bonds.  This may cause photochemical decomposition of 
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the complex, which manifests itself as ligand loss followed by co-ordination of a 
substitute ligand, often solvent or electrolyte.38   
Because MLCT transitions generally involve a change in the dipole moment of 
the complex, on going from the ground to the excited states, their corresponding 
absorption and emission bands are usually solvatochromic, i.e. they shift on 
changing solvent polarity.36,37   
In general, the emission of luminescent transition metal complexes always arises 
from the lowest excited state, which is either a metal to ligand charge transfer 
(MLCT) or localized - transition.39,40,40   
The lifetime, , of the excited state and the emission quantum yield (em) are 
important experimental parameters for the investigation of the spectroscopic 
properties of these molecules, and can be expressed as per Equation 1.7 and 
Equation 1.8, respectively.   
nrr kk 
1                                                                                                       1.7 
 rEM k                                                                                                            1.8 
where, kr and knr are radiative and non-radiative decay rate constants.   
Ruthenium polypyridyl complexes continue to play a vital role in ECL based 
assay systems.  Their dominance is mainly due to their nearly ideal reversible 
voltammetry and their attractive photophysical properties mentioned above, as 
well as synthetic versatility of the polypyridine ligand.32  Continuous research 
towards developing novel high brightness luminophores which not only posses 
excellent photophysical and electrochemical properties but also possess 
biomolecule binding capabilities.  The best example for elucidating the binding 
capability is the commercially available ruthenium (III) tris-bipyridine N-
hydroxysuccinimide,41 as shown in Figure 1.10.   
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Figure 1.7: Ruthenium (III) tris-bipyridine N-hydroxysuccinimide label for 
biological molecules.   
Another example developed by Pellegrin and co-workers42 is [Ru(bpy)2PICH2]2+ 
where, PICH2 = 2-(4-carboxyphenyl)imidazo[4,5-f][1,10]phenanthroline].  This 
complex contains a carboxyl group which can be covalently coupled to the 
amine bonds of biomolecules and it is reported that it has a 30% higher quantum 
yield than [Ru(bpy)3]2+.42  However, its ECL properties have not been studied.   
 
1.3.5 Analytical applications 
Solution phase [Ru(bpy)3]2+ ECL has been used in flow injection analysis to 
quantify aliphatic amines, which act as reducing agents in a manner analogous 
to oxalate.  It was found that ECL emission from the reaction with amines 
increases in the order 1° < 2° < 3° amines.20  Because tertiary amines can 
produce a sensitive ECL response, studies were carried out to introduce such 
groups to initially less or non-ECL sensitive analytes, such as amino acids43,44 
and fatty acids.44,45  Previously two reagents, dansyl chloride and divinyl sulfone 
were reported for ECL system with limits of detection being 2 pmol for amino 
acids and 1-30 pmol for primary amines.16   
ECL technology has recently been commercially developed for the clinical 
diagnostic market.46,47  Assays have been developed for a wide variety of 
applications like infectious diseases,48 cardiac diseases, tumors,16 drug, surface 
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water,49 studying bone metabolism,16 hypothalamic, pituitary and adrenal 
disorders.50   
ECL assays are usually either solution phase or solid phase.  Solid phase 
systems are used for biomolecules which have very poor or no co-reactant 
ability.  Such biomolecules are linked with the ECL labels (i.e. [Ru(bpy)3]2+ and 
are immobilized onto a solid substrate ( like screen printed electrode or micro 
sized polystyrene bead or magnetic bead etc.).  The ECL signal is proportional 
to the concentration of the analyte in the presence of added ECL co-reactant like 
tripropylamine.  Conventional antigen-antibody reactions have also been 
combined with ECL generation with the help of streptavidin coated magnetic 
particles.19,23,25  The sample is combined with a reagent containing the 
biotinylated capture antibody and a ruthenium labelled secondary antibody.  
During incubation the antibodies capture the target molecules, the microparticles 
are then added and during a second incubation period the biotinylated antibody 
attaches to the streptavidin coated particles.  The samples are then drawn into 
the ECL measuring cell along with a buffer containing TPA.  A magnet located 
under the electrode captures the microparticles at the electrode surface and all 
unbound reagent is washed from the cell.  The magnet is then removed and a 
potential is applied to the electrode, initiating ECL.23   
Some examples of solid state ECL system currently used, are illustrated in 
Figure 1.10, Figure 1.1116 and Figure 1.12.  The panels a-c, d-f and g-h are 
DNA, antibody-antigen and peptide related assays respectively.  Figure 1.11 is a 
schematic representation of DNA hybridisation (a) and sandwich type 
immunoassay using polystyrene bead as ECL label carrier and magnetic bead 
for separation of target analytes.16  Also multi-labelling of a biomolecule at a 
single site with dendritic label bearing multiple signal-generating units have 
been explored to increase the signal51 as shown in Figure 1.12.  New techniques 
of generating ECL from CdSe quantum dots on gold nanoparticles for the 
detection of human pre-albumin52 have also been recently reported.   
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Figure 1.8: Schematic drawing of solid state ECL assay with DNA (a-c), 
antibody-antigen (d-f), and peptide (g-h) system, where  is solid substrate, 
 is immobilisation layer,  is single stranded DNA,  is 
antibody,  is antigen,  is ECL label and  is peptide.  Reprinted from 
Miao, W.; Chem. Rev. 2008, 108, 2506-2553.   
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Figure 1.9: Representation of DNA hybridization (a) and sandwich type 
immunoassay where polystyrene beads are used as ECL label carrier and 
magnetic bead as target analyte separator.  The symbol is ssDNA ,  is 
magnetic bead,  is ECL label loaded polystyrene bead, is antibody,  is 
antigen and is a magnet.  Reprinted from Miao, W.; Chem. Rev., 2008, 108, 
2506-2553.   
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Figure 1.10: Multi-labelling scheme at (a) multiple and (b) single site using 
dendrimers.  Reprinted from Zhou, M. R., Multilabelling biomolecules at a 
single site, 1. Synthesis and characterization of a dendritic label for 
electrochemiluminescence assay, Anal. Chem., 2003, 75:6708-6717  
The use of co-reactant ECL in a wide range of analytical applications including 
chromatography,44,45,53 clinical diagnosis,54 environmental projects25 and 
biodefence55-57 is a clear proof of how important and powerful this technique is 
in terms of sensitive detection and quantification of biomolecules.  Further 
progress in this field mainly depends on discovery of new advanced materials, 
interfacial films and nanoparticle coatings, advances in microfluidics leading to 
total analytical or lab-on-a-chip systems and new theoretical insights into the 
differences between plasmonic and quenching effects observed through optical 
and electrochemical excitation.32   
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1.4 MODIFIED ELECTRODES  
There are several disadvantages associated with solution phase ECL systems 
like loss of signal due to diffusion of the ECL reagent out of the detection zone, 
limited ability to repeatedly cycle an individual luminophore and high reagent 
consumption.58  Great efforts have been made towards immobilization of ECL 
luminophore as a means to overcome these issues and simplify the experimental 
design.59  Immobilization is also necessary in the context of biological sensors 
which rely on the use of functional molecules that are labile, rare and expensive, 
low in concentration and/or must be oriented in a particular way.60  As 
[Ru(bpy)3]2+ is a popular ECL luminophore,19,26,30 huge efforts have been 
undertaken to immobilize it to the surface of electrodes.  Factors that need to be 
considered while developing solid state ECL systems include a sufficient 
amount of ruthenium complex,60 as the ECL intensity is directly proportional to 
the luminophore concentration and conductivity of the composite matrix in 
which the ruthenium species are immobilized.61  [Ru(bpy)3]2+ has been 
incorporated into ion exchange polymer composite films like nafion61-63, 
Eastman AQ55D64,65 through electrostatic attachment, self assembled using 
layer by layer14,59 techniques and Langmuir Blodgett techniques.61,66  These 
methods ensures a high luminophore concentration.  The use of carbon 
nanotube64,67 or platinum or gold nanoparticles68 in the composite film have 
shown to increase the conductivity of the matrix.  However, in all the above 
cases the luminophore is not covalently attached to the electrode surface and 
hence it is challenging to unambiguously confirm if the emission arises from the 
material on the electrode or from the solution very close to the electrode surface 
due to leaching of the material.  This is a major obstacle which can be overcome 
by covalent immobilization of the luminophore to the electrode surface.16  There 
are examples of ruthenium being covalently embedded into sol-gel-based 
ruthenium-titania-nafion composite films53 and these were shown to be stable in 
high contents of organic solvents with minimum leaching.   
There has been extensive use of polymers in biosensors for testing and bio-
regulation.69,70  Polymeric materials suitable for biosensor devices should be 
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biocompatible.  Biocompatibility is imparted by the functional groups properly 
located on the polymer as well as its structure.71,72  Truly biocompatible 
polymers should be able to recognize and cooperate in harmony with bio 
assemblies and living cells without any undesired nonspecific interactions.73   
 
1.4.1 Metallopolymers  
Metallopolymers are a very attractive option for use in biosensors due to their 
excellent deposition and easy synthesis.38  These polymers are used in numerous 
applications like electrocatalysis,37,74 displays and electrochromic devices,75,76 
membranes,77 sensors,58,78mechanical actuators,13 and battery electrodes to name 
a few.  They are characterized by the presence of specific spatially isolated 
electrochemically active sites.  Electroactivity in the polymer is highly localized 
with respect to voltage.  A metallopolymer consists of redox active transition 
metal complex covalently bound to a polymer back bone.  The polymer back 
bone however, may or may not be electroactive in nature.76  These polymers are 
not only capable of being oxidized and reduced in a reversible manner, but also 
allow surface modification of electrodes so as to achieve tailored 
electrochemical properties.  The synthetic procedures available for polymers 
containing covalently attached metal centers offer considerable flexibility in 
terms of the choice of solvent, reaction time or temperature.79  For example by 
varying these parameters one can synthesise either mono or bis substituted 
product, i.e. [M(bpy)2(polymer backbone)nCl]+ or [M(bpy)2(polymer 
backbone)n]2+, where M is transition metal, bpy is 2,2’-bipyridyl.  Polymer 
backbones that have been utilized include poly-(4-vinylpyridine) (PVP),80,81 
poly (N-vinylimidazole) (PVI),82 poly-4-vinylpyridine/polystyrene copolymers 
(PVP/PS),83 and polystyrene with amide linkage.84  Different metal loadings 
ranging from 1:n (n = 5, one metal complex per 5 monomer units) to 1:25 have 
been produced though more dilute loadings can be created.85   
Amongst these different polymer backbones polyvinyl pyridine (PVP) has 
gained much attention as universal surface modifier86 due to the strong affinity 
of pyridyl groups to metals and its ability to undergo hydrogen bonding with 
 26 
polar species.  In addition PVP can interact electrostatically in quaternized or 
protonated forms with charged surface.86  The ECL properties of the 
metallopolymer, [Ru(bpy)2PVP10]2+, where PVP=poly 4-vinyl pyridine, has 
been studied in detail in the presence of oxalate and TPA co-reactant.58,75,78  
Intense ECL is produced by these films as high concentrations of the 
luminophore (micro molar) are found within these films.  However, at high 
concentrations it is observed that there is a decrease in the ECL efficiency of the 
films due to self absorbance and quenching.75  Therefore, proper loading of the 
polymer is necessary to overcome this issue.   
Many other transition metals like platinum,87 iridium88 and osmium14 have also 
been employed in ECL apart from ruthenium.  Ruthenium complexes 
coordinated to a polypyridyl ligand are attractive options in ECL due to their 
photo and electrochemical potential,34,89 well-developed background of 
synthetic chemistry, chemical stability in a range of oxidation states, unique 
ground and excited state properties90,91 and facile electrochemistry.42,55  The 
motive behind deliberately immobilizing an ECL active polymer onto the 
electrode surface is that the electrode then exhibits chemical, electrochemical 
and other properties of the surface confined species.  The surface confined 
electroactive species can then undergo electron transfer processes with the 
electrode.  Rate limiting steps such as mass transfer of reactants or products, to 
and from, the surface of the electrode can be avoided.  Figure 1.3 represents a 
pathway for a general electrode reaction.92   
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Figure 1.11: Pathway for general electrode reaction. Reprinted with permission 
from Bard, A. J.; and Faulkner, L. R.; Electrochemical Methods: Fundamentals 
and Applications, John Wiley & Sons Inc, New York, 1980 
Electropolymerisation is another attractive method to produce polymer modified 
electrodes.  It enables in situ production of thin and stable films of controlled 
thickness and is applicable to all sizes and shapes of electrodes.  This aspect is 
especially important when considering mass production.  Biosensors based on 
electropolymerised films can have significantly improved diffusional properties 
due to the thinness of the film, can effectively block interferences and prevent 
fouling93.  However, they have not been used in the context of ECL sensors.  
There have been few reports where polyluminol films94 have been used for the 
detection of flavin and enhanced ECL with detection limit of 8.3x10-8 molL-1 
was achieved for riboflavin.  The authors reported very little interference from 
water soluble vitamins and other fluorescent compounds.  Thus, ECL from 
electropolymerised films and their application in biosensors is another field that 
remains unexplored.   
 28 
 
1.4.2 Carbon nanotubes 
Amperometry is the one of the most sensitive detection techniques available 
today but its limit of detection is in the range of (10-7-10-8) M.11  There is a need 
in the clinical environment to accurately detect certain analytes and cardiac 
biomarkers whose concentration in the blood plasma is 0.3-0.8 nM.  Hence, 
there is a necessity to decrease the limits of detection and increase the sensitivity 
of the sensors available.  This can be achieved by increasing the transducer 
surface area.   Carbon nanotubes have been widely used in sensor fabrication 
due to their high surface area to weight ratio (~300 m2g-1) which is accessible 
for both electrochemistry and surface immobilization.95  They also possess very 
good electrical conductivity, chemical stability and extremely high mechanical 
strength.59   
Following the discovery of carbon nanotubes by Iijima,96,97 nanotubes have 
captured the attention of researchers worldwide.  A significant amount of work 
has been done in the past decade to understand the unique structural, electrical, 
mechanical and chemical properties of carbon nanotubes.95,98-104  The main 
interest in nanotubes arises due to their electro catalytic property and small size 
which make them the smallest electrodes capable of penetrating proteins and 
cells.104  However, the electro catalytic property of carbon nanotubes has been 
questioned after the findings by Compton and co workers.105,106  Their work 
showed that the electro catalytic performance of carbon nanotubes was similar 
to that observed at the edge planes of pyrolytic graphite and was not anyway 
superior.  These findings were further supported by Chou et.al.,107 who provided 
direct evidence that the favourable electrochemistry of carbon nanotubes comes 
from carboxylic acid and quinone moieties at the ends of the tubes, the same 
functional groups responsible for the good electrochemistry of edge planes of 
graphite.  Nevertheless, since the discovery of low potential detection of NADH 
on carbon nanotube modified electrode by Wang and co-workers,108 the past 5 
years has seen tremendous growth in the use of carbon nanotubes especially in 
ECL detection.14,32,59, 109   
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Carbon nanotubes are basically graphene sheets rolled into a cylinder with their 
edges joined.  They can be either one-atom thick called single walled nanotube 
(SWCNT) or a group of concentric tubes called multi walled carbon nanotube 
(MWCNT).  Their lengths however, can be up to hundreds of microns or even 
centimetres.  Figure 1.3 (A)110 shows the tunnelling electron microscopic image 
of chiral SWCNT whereas (B) and (C) show the TEM image of MWCNT and 
SWCNT bundle respectively.111   
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Figure 1.12: Tunnelling electron microscope image showing the helical 
structure of a 1.3-nm-diameter chiral SWNT (A).  Reprinted with permission 
from Wilder, J.W.G.; Venema, L.C.; Rinzler, A.G.; Smalley, R.E.; Dekker, C., 
Electronic structure of atomically resolved carbon nanotubes, Nature, 1998, 
391, 6662, 59-62.  Transmission electron microscope (TEM) image of a MWNT 
containing a concentrically nested array of nine SWNTs (B).  TEM micrograph 
showing the lateral packing of 1.4-nm-diameter SWNTs in a bundle (C).  
Reprinted from Thess, A.; Lee, R.; Nikolaev, P.; Dai, H.; Petit, P.; Robert, J.; 
Xu, C.; Lee, Y.H; Kim, S.G.; Rinzler, A.G.; Colbert, D.T.; Scuseria, G.E.; 
Tomanek, D; Fischer, J.E.; Smalley, R.E., Crystalline Ropes of Metallic Carbon 
Nanotubes, Science, 1996, 273, 5274, 483-487.   
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Many chemical strategies to tune the electronic properties of carbon nanotubes 
have been developed.  These allow better solubilisation of nanotubes and also 
make them biocompatible.  Once functionalized, the nanotubes can be used as 
electrodes and/or immobilization phase in many applications.  Polymer 
composites have been prepared by compounding poly (ethylene vinyl acetate) 
(PEVA) with carbon nanotubes to produce a robust and electrically conducting 
substrate.  The carbon nanotube–PEVA–antibody (specific to -fetoprotein) 
composite sheet of 50 nm thickness was used to carry out sandwich design 
immunoassay.95  The composites were exposed to samples containing -
fetoprotein (AFP) and anti-AFP antibodies conjugated with colloidal gold or 
[Ru(bpy)3]2+.  The electrochemiluminescence (ECL) signal was found to be 
linearly dependant on the concentration of AFP up to 30 nM with a LOD of 
about 0.1 nM.  However, in this sensor the size and length of the nanotubes was 
not controlled.  For applications in biosensors short and discrete nanotubes are 
required99 as they exhibit faster electron transport properties.  An ECL sensor 
possessing low detection limit of 8x10-7 M for TPA was developed by Ying 
et.al.,67 using acid functionalized MWCNT and [Ru(bpy)2(5-NH2-1,10-
phenanthroline)]2+ covalently coupled to one another.67  However, it was 
reported that drop coating of MWCNT- Ru composite caused a decrease in 
sensor response by 60% within a month of storage.  Amine functionalization of 
single walled nanotubes has also been explored.112,113   
Significantly, vertically aligned carbon nanotubes are more advantageous for 
sensor application than non-aligned ones, since the edges of the nanotubes are 
exposed.  This orientation of the nanotube has been shown to exhibit the highest 
electro catalytic activity coupled with fast electron transfer.101  Selective 
functionalization of SWCNTs with thiol groups and their attachment to pre-
organized gold surfaces allowed vertical assembly of CNTs and most 
importantly, provide low-resistance contacts of CNTs to other electronic 
components.114  However, the thiol functionalized SWCNTs displayed slow 
adsorption kinetics compared to conventional alkane thiols and formed 
aggregates as adsorption progressed.   
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Growing high density of aligned tubes still poses a significant challenge.  
Several attempts have been made to generate high density of aligned tubes on 
conductive and non conductive substrates including thermal chemical vapour 
deposition,115 photolithography116 and electron beam lithography.117  Also, it is 
essential that the nanotubes are securely in contact with the conducting support 
with low contact resistance between the array and the support.115  However, 
most of the methodologies mentioned above usually involve transferring of the 
nanotubes from the substrate of growth to another substrate of interest as shown 
in Figure 1.16, where a SEM micrograph of patterned films of aligned 
nanotubes prepared by photolithography on quartz substrate is shown.  These 
approaches are cumbersome and result in poor transfer efficiency and thereby 
poor device performances.   
 
 
Figure 1.13: SEM micrograph of patterned films of aligned nanotubes prepared 
by the pyrolysis of FePc onto a photolithographically pre-patterned quartz 
substrate.  Reprinted with permission from Liming, D.; Pingang, H.; Sinan, L., 
Functionalized surfaces based on polymers and carbon nanotubes for some 
biomedical and optoelectronic applications, Nanotechnology, 2003, 14, 1081-
1097.   
Amperometric immunosensors based on the adsorption of antibodies onto 
perpendicularly oriented assemblies of SWCNT forests on conductive substrates 
have been developed by Connor and co-workers.118  The forests were self-
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assembled from oxidatively shortened SWCNTs onto Nafion/iron oxide-coated 
pyrolytic graphite electrodes.  Anti-biotin antibody was strongly adsorbed to the 
SWCNT forests.  In the presence of a soluble mediator, the detection limit for 
horseradish-peroxidise labelled biotin was 2.5 nM.  Improved fabrication of 
SWCNT forests utilizing aged nanotube dispersions provided higher nanotube 
density and conductivity.119  Unmediated sandwich immunosensor achieved a 
detection limit of 75 nM using HRP labels.  However, mediation dramatically 
lowered the detection limit to 1 nM.  The authors concluded that the difference 
between mediated and unmediated assays was due to the fact that the average 
distance between HRP labels and nanotube ends was too large for efficient 
direct electron exchange.  Mediation helped to overcome this distance effect.  
The ECL capabilities of these CNT forests are yet to be explored.  Combined 
with the sensitivity of ECL detection system, these self assembled forests, 
without doubt can help to further lower detection limits and achieve higher 
sensitivity (down to few target molecules).   
 
1.5 ELECTROCHEMICAL TECHNIQUES 
1.5.1 Fundamentals of ECL 
ECL involves simultaneous measurement of the current and light in response to 
the concentration of the target analyte when a potential is applied to the working 
electrode.   
The standard potential, E (A,A- ), of the electrode reaction Equation 1.9 is 
measure with respect to a given reference electrode, based on a redox pair O/R 
given by Equation 1.10, and represents the Gibbs free energy, G, of the 
reaction Equation 1.11.120   
A + e- A-                                                                                                         1.9 
O + e-  R                                                                                                       1.10 
A+R A- +O                                                                                                  1.11 
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where, O and R are the oxidized and reduced forms of the electrochemically 
active species.  The potential of the redox couple represents the energy needed 
at equilibrium to add an electron to A or to remove an electron from A-.  For 
ECL reactions the G of the reaction,120 Equation 1.12, is of utmost 
importance.  G is given by Equation 1.13 and Erxn is given by Equation 1.14, 
where, n the number of electrons transferred in the reaction, and F the Faraday 
constant.   
A- + A+  A* + A                                                                                          1.12 
G= -nFErxn                                                                                                   1.13 
Erxn= E(A-, A) - E(A, A+)                                                                          1.14 
For ECL reactions G is typically in the range of 2-3 eV.120   
Figure 1.17 illustrates the electrochemical and mass transport events that can 
occur at a polymer modified electrode surface.  For monolayers in contact with a 
supporting electrolyte, the principal process is heterogeneous electron transfer 
across the electrodemonolayer interface.  Mass transfer and reaction kinetics 
must be considered to fully understand the properties of these thin films.  The 
following assumptions are made for an ideally responding redox polymer 
immobilized on an electrode surface, where, AOx and BRed represent a reducible 
and oxidizable species in solution:38  
1. The redox couple, O/R, is adsorbed on the electrode surface and is not 
present in solution, or its concentration is sufficiently low such that its 
contribution to the Faradaic current is negligible.   
2. All adsorption sites on the surface are equivalent and the oxidized and 
reduced forms occupy equal areas on the surface.   
3. The free energy of adsorption and maximum or limiting surface 
coverage, assumed to be equal to the surface activity, are independent of 
the applied potential.   
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4. In order to observe an ideal response, the entire potential drop occurs at 
the electrodepolymer interface and the adsorbates do not interact 
laterally.   
5. And finally, the Faradaic and capacitive currents can be separated.   
 
Figure 1.14: Schematic illustration of the processes that can occur at a modified 
electrode, where O represents a reducible substance in a film on the electrode 
surface and AOx a species in solution.  The processes shown are as follows: (1) 
heterogeneous electron transfer to O to produce the reduced form R; (2) electron 
transfer from R to another O in the film (electron diffusion or electron hopping 
in the film); (3) electron transfer from R to AOx at the film/solution interface; (4) 
penetration of AOx into the film (where it can also react with R or at the 
substrate/film interface); (5) movement (mass transfer) of R within the film; (6) 
movement of AOx through a pinhole or channel in the film to the substrate, 
where it can be reduced.  From A.J. Bard and L.R. Faulkner, Electrochemical 
Methods: Fundamentals and Applications, John Wiley & Sons Inc, New York, 
1980    
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Electrochemical techniques like voltammetry and AC impedance can provide 
powerful insight into the thermodynamics and kinetics of electron transfer 
across the electrodepolymer interface and within the polymer film.   
Cyclic voltammetry (CV) involves monitoring the current response of a small 
stationary electrode in an unstirred solution, which is excited by a triangular 
potential waveform, such as that shown in Figure 1.15.121   
In cyclic voltammetry, the potential applied to the working electrode is first 
swept in a forward direction, stopped at a desired potential, then a reverse sweep 
returns the potential to its initial value.  In the absence of a redox couple, which 
is capable of electron transfer to or from the electrode surface, at the applied 
potential, one still observes a background current, as shown in Figure 1.15.  This 
background current appears because the electrode-solution interface now 
behaves like a parallel plate capacitor.  As the potential is varied the electrode 
surface gets charged and the ions move to the surface of the electrode and form 
an electrical double layer.  Although strictly speaking an electrode-solution 
interface in the absence of a redox couple is not a pure parallel plate capacitor, 
this model is adequate to describe most of the electrochemical systems.   
Helmholtz described the electrochemical capacitance C by Equation 1.15 

0εε
A
C
                                                                                                               1.15 
where,  is the dielectric constant of the medium between the plates, 0 is the 
permitivity of free space,   is the separation between the plates and A is the 
area of the electrode.  Capacitance is a crucial factor for electrochemical systems 
as this gives rise to current during the charging of the capacitor.  The magnitude 
of this charging current, iC, is given by Equation 1.16 
νdlAC i C 
                                                                                                     1.16 
where,  is the potential scan rate and Cdl is the double layer capacitance and A 
is the area of the electrode.   
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Figure 1.15: Schematic diagram showing a cyclic voltammetry experiment in 
the absence of a redox couple.  Reprinted from Southampton.; Electrochemistry 
group: Instrumental methods in electrochemistry, Chapter 2, 1985, pg 49.   
For a potential step experiment at a stationary constant area electrode, like the 
one described above, the charging current iC dies away after a time equivalent to 
a few time constants RUCdl, where RU is the uncompensated resistance.  When an 
electroactive couple is present in solution the current, ITotal, observed during the 
cyclic voltammetric scan is a sum of the current due to electron transfer 
(Faradaic current iF) and background charging current, iC.   
FdlFCTotal iνACiiI                                                                      1.17 
The magnitude of the charging current depends on the scan rate and Faradaic 
current in the above case is always measured from a baseline of charging 
current.   
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The i vs. E output denotes flow of electrons between the redox active species 
and the electrode and is associated with a change in the oxidation state of the 
redox couple.89  The significant values in this i vs. E plot are the anodic and 
cathodic peak potentials EPA and EPC; the anodic and cathodic peak currents iPA 
and iPC, and the half-peak potentials, which are the potentials E1/2A and E1/2C, at 
which the cathodic and anodic currents reach half their peak values.  The 
independent variables are voltage, scan rate and the range of potential over 
which the scan is made.  The former is the most important parameter in a 
diagnostic sense, although proper selection of scan range can often eliminate 
interferences from other processes.122  These parameters are depicted in Figure 
1.16.   
 
Figure 1.16: Reversible cyclic voltammogram obtained for freely diffusing 
redox specie in solution depicting the most important parameters measured 
during a cyclic voltammetric experiment.  Adapted from Bard, A. J.; Faulkner, 
L. R.; Electrochemical Methods: Fundamentals and Applications, John Wiley & 
Sons Inc, New York, 1980.    
Consider a solution containing the oxidized form of the redox couple, O.  As the 
applied potential is scanned in the negative potential direction, initially no 
current due to Faradaic processes is observed.  When the potential approaches 
the point where the reduction of the species can occur, a cathodic current 
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develops due to the reduction of the redox couple.  A rapid increase in current 
occurs as the concentration of the oxidized species at the electrode surface 
becomes smaller.  At the formal potential, there exists a 50% oxidized and 50% 
reduced species at the electrode surface.  Past the peak potential, the current 
decays’ as the diffusion layer extends farther away from the surface.  When the 
potential is switched, the current remains cathodic as the potential is still 
negative enough to reduce the redox couple.  Once the potential becomes 
sufficiently negative so that reduction can no longer occur, the Faradaic current 
goes to zero and then oxidation process begins.  The anodic current resulting 
from the oxidation of the reduced species within the depletion zone, peaks and 
then decreases as this reduced species is consumed by the oxidation reaction.   
The response observed for a surface confined redox active species can differ 
markedly from that observed for a solution phase species.  For example, the 
theoretical response for a slow scan, cyclic voltammogram of an 
electrochemically reversible couple that is confined on the electrode surface is 
as shown in Figure 1.17.  The peaks for surface confined species are sharp and 
symmetrical unlike those for freely diffusing species.38  This behaviour is due to 
the presence of a fixed amount of redox active species at the electrode, which is 
not hindered by the complications of mass transfer.  When a potential is applied 
to a surface modified electrode the current rises to a peak value and then returns 
to the baseline.  For an ideal system no peak-to-peak separation is expected.92  
Under the conditions of finite diffusion in which the redox composition of the 
layer is in thermodynamic equilibrium with the electrode potential, (i.e., the 
Nernst condition), this behaviour will be observed for all electrochemically 
reversible reactions at sufficiently slow scan rates such that all electroactive 
centers undergo redox transformations on the experimental time-scale.   
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Figure 1.17: Current- potential curves obtained from cyclic voltammetry 
measurements for the reduction and oxidation of an adsorbed interfacial 
supramolecular assembly under finite diffusion conditions.  Reprinted from 
Forster, R. J.; Keyes T. E.; Vos, J. G.; Interfacial Supramolecular Assemblies, 
John Wiley & Sons, Ltd, England, 2003.   
The ideal reversible voltammogram under such conditions has the following 
features:   
νAΓ
4RT
Fni
22
P                                                                                                       1.16 
PAPC EE                                                                                                             1.17 
mV
n
90.6
FWHM                                                                                                 1.18 
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1
ap,i
cp,i
                                                                                                                1.19 
where, FWHM is the full width at half maximum, n is the number of electrons 
passed, F is Faraday constant,  the surface coverage or concentration of the 
redox-active adsorbate (molcm-2) total electroactive coverage, A is the electrode 
area (cm-2),  is the scan rate, R the gas constant and T is absolute temperature.  
These parameters are illustrated in Figure 1.17 and Figure 1.18.   
Under these conditions of exhaustive oxidation/reduction of the modifying 
layer, the Faradaic charge, Q, under the current potential curve gives the 
quantity Γ (molcm-2) according to the expression; 
nFA
Q
Γ                                                                                                                1.20 
For a polymer or thicker film under these conditions of finite diffusion, a plot of 
scan rate versus peak current will be linear.   
In most films of redox polymers, charge transport occurs by electron self 
exchange reactions between neighbouring oxidized and reduced sites.  This 
electron hopping process is mathematically representable by diffusion laws in 
which the homogeneous charge transport diffusion coefficient, DCT, is 
introduced as a measure of its rate.   
The concentration profile of fixed oxidized and reduced sites within the film 
depend on the dimensionless parameter DCTt/d2, where t is the experimental time 
scale, (related to the time for a potential scan to traverse the wave), and d is the 
polymer layer thickness.  When DCTt/d2 >> 1, all electroactive sites within the 
film are in equilibrium with the electrode potential, and the surface type 
behaviour described previously for finite diffusion is observed.  In contrast, 
when DCTt/d2 << 1, the oxidizing scan direction is switched before reduced sites 
at the films outer boundary are oxidized.  This is the semi-infinite 
electrochemical charge diffusion condition.  Here the ν1/2 dependence of the 
peak current is seen and the peak current itself is given by the same equation as 
that used for species dissolved in solution and diffusing to the electrode surface, 
the Randles-Sevcik equation;   
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1/21/2
CT
3/25 CνADn10 x 2.69i P                                                                                 1.21 
where, C is the concentration of electroactive sites within the film. This equation 
is routinely used for evaluation of DCT using cyclic voltammetry at relatively 
high scan rates (typically > 50 mV/s) where DCT is of the order of 10-11 cm2s-1 
and the film thickness is few hundred nanometers.38   
A variety of factors can influence the shape and the various peak parameters in a 
cyclic voltammogram.  For example, in an actual experiment in the finite 
diffusion regime, the oxidation and reduction peaks may not centre on a single 
potential even though they may be almost symmetric with peak heights 
approximately equal.  While the ideal separation EP is predicted to be zero, 
there is almost always a finite separation of a few mV to tens of mV.  In such 
cases, E0 is usually taken to be the midpoint between the two peak potentials.  
Broadening or narrowing of CV peaks with respect to the ideal value of 90.6/n 
mV for surface bound redox couples suggests a breakdown of the assumption 
that there are no interactions between redox sites in the film and that all of them 
have the same E0.  In films, which are ‘diluted’ with electrochemically inert 
material, lateral interactions are minimized but often peak widths are larger than 
ideal theoretical value.   
 
1.5.2 Lockin detection 
Signal modulation is a powerful technique for measuring small amplitude 
signals which are embedded in large amount of background or interference.  The 
modulation can be achieved in a number of ways with the simplest method 
being amplitude modulation.123  As electrochemiluminescence experiments can 
be controlled using potential, this can also be used for modulation purposes.  
Noise reduction is usually achieved using synchronous “lockin-in” detection.124   
Lockin detection is used to measure the amplitude and phase of narrow band 
amplitude modulated signals.  This detection technique requires reference 
signals that are modulated at the same frequency as their signals of interest to 
use phase sensitive detection.125  This enables “locking in” to the frequency of 
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interest while simultaneously ignoring all other frequencies.  In this way, 
measuring very small AC signals that are buried in the noise can be 
accomplished.   
Lockin amplifiers usually consist of a phase locked loop, a demodulator and a 
low-pass filter.  The phase locked loop is usually responsible for creating 
precise, well-defined reference signal i.e., sine wave or square wave, which has 
fixed amplitude.124  A typical sine wave is as shown Figure 1.19.  Additionally it 
also includes a phase shift circuit which precisely matches the phase of the 
reference signal to that of the analytical signal.  The demodulator multiplies the 
reference signal by the input signal and the low pass filter then filters the output 
of the demodulator.125,126   
 
Figure 1.18: Typical sine wave showing important parameters.  Reprinted from 
Meade, M. L.; Lock-In amplifiers: Principles and Applications, 2007, 1, 232.   
Lock-in detection was usually used to achieve phase sensitive detection for the 
fundamental harmonic response of the cell, measurement of phase angle and 
second harmonic response.  Apart from sine waves other periodic wave forms 
like saw-tooth, square wave and white noise have also been used as waveforms 
for the measurement of the total alternating current at the fundamental 
frequency.127  Until recently, the theory of sinusoidal modulation existed only 
for amplitudes small in comparison with RT/nF.128  However, advancement in 
computer simulations and Fourier transform methods have not only helped in 
modelling of modulated voltammetry129 but also helped in the development of 
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voltammetric instrumentation.130  High speed computation has also provided 
means of testing and implementing new analytical solutions proposed for 
modulated voltammetry.131  Modulated voltammetry is now widely used in the 
fields of electrochemical impedance spectroscopy132,133, polymer 
technology134,135 and kinetic studies of electron transfer reactions in an 
electrochemical cell.136   
 
1.5.3 AC impedance 
1.5.3.1 Basic principles of impedance 
Impedance spectroscopy is a powerful technique to investigate electrochemical 
processes and interfacial phenomena.  Techniques like cyclic voltammetry, 
described above, usually drive the electrodes to a condition far from 
equilibrium.  However, impedance methods are based on perturbing the 
electrochemical cell with an alternating signal of small amplitude allowing 
measurements to be made essentially at equilibrium.137   
The alternating perturbation applied in an electrochemical impedance 
spectroscopy (EIS) experiment is usually sinusoidal, e.g. a sinusoidal potential.  
Consider a sinusoidal perturbation of applied potential137 given by Equation 
1.22:   

E (t)=E0sint                                                                                                    1.22 
where, 

E (t) is the voltage at time t, E0 is the voltage amplitude and  is the 
radial frequency (rads-1).  The relationship between radial frequency and 
frequency137 is given by Equation 1.23: 
=2f                                                                                                               1.23 
The current response 

I (t) will be sinusoidal at the same frequency f (Hz) but 
shifted in phase,,137 given by Equation 1.24.   
I(t)=I0sin (t+)                                                                                               1.24 
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Analogous to Ohm’s law for DC circuits, for AC circuits’ impedance is defined 
as the ratio of voltage phasor and current phasor137 and is given by Equation 
1.25:   
Z=

E (t)/

I (t)                                                                                                     1.25 
It is well known that the surface characteristics and interfacial phenomena of a 
polymer-modified electrode can be studied by studying its impedance 
characteristics at different experimental conditions.  Numerous models have 
been proposed for describing the impedance characteristics of electronically 
conducting polymers.137-140   
The reversible electrochemical oxidation of conducting and redox polymers has 
been extensively studied with no redox couple in solution, symmetric 
configuration.80,138-140  When a redox couple is present in electrolyte solution, 
e.g. ECL polymer on electrode with a co-reactant in solution, the situation is 
slightly different.  Multiple interfaces exist, metalpolymer interface, where 
electron transfer occurs and polymerelectrolyte interface, where ion and 
electron transfer occurs.  This is called asymmetric configuration and is 
encountered frequently in ECL reactions.  Many research groups have attempted 
to understand the charge transport properties at these interfaces as it is very 
crucial for the development of polymer modified electrodes.133,136,141-143  The 
analytical impedance functions have been already derived for asymmetric 
systems with redox couple in solution.133,143  Therefore, in order to study the 
kinetics and mechanisms of charge transfer and ion transport in the metal 
polymer film interface and polymer filmelectrolyte interface, these analytical 
functions have been used in conjunction with electrochemical impedance 
spectroscopy.   
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1.5.3.2 Impedance theory applied to polymer films  
The kinetics of electron transport for polymer modified electrode without an 
additional redox species in solution at polymersolution interface can be 
analyzed using the classical Butler-Volmer equation, Equation 1.26.144,145  The 
exchange current density I0 is given by Equation 1.26:   
]CCnFAkI R
)-(1
OS0
                                                                                          1.26 
However in the presence of redox species in solution, I0 is given by Equation 
1.27:133 
)/RT]EαnF(Eexp[CnFAkI 0'DCOS0                                                            1.27  
where, kS is the heterogeneous rate constant,  is the transfer coefficient, EDC is 
the equilibrium DC potential of the electrode, E0’ is the formal potential of the 
oxalate in PBS and the rest of the symbols have their usual meaning.   is 
assumed to be 0.5.  Under applied DC potential (EDC), the mean surface 
concentration of O and R defined by the EDC applied to the electrode is used as 
effective bulk values for AC perturbation.   
The charge transfer resistance, RCT, of the Faradaic process at over-potentials, 
<118 mV and in the high frequency kinetic control regime, is then given by 
Equation 1.28:145 
0
CT nFI
RTR                                                                                                        1.28 
Substituting Equation 1.28 into Equation 1.26 and 1.27, kS is obtained.   
The impedance Z for an equivalent electrical circuit is calculated as the ratio 
between the system voltage phasor, (

E ), and the current phasor, (

I ).  These are 
generated by a lock-in amplifier during the experiment.  Z can also be written in 
terms of Equation 1.29 where X is given by Equation 1.30.  The term j=–1, R 
is the resistance in , X is reactance, C is capacitance in Farads (F) and  is 
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angular frequency (rad s-1) and f is applied frequency in Hz, respectively.  The 
complex plane impedance, Z(), can then be represented as the sum of real, ZRE 
and imaginary, ZIM, components that originate mainly from the resistance and 
capacitance of the cell, respectively.   
Z()= ZRE + j ZIM= R-j X                                                                                 1.29 
X=1/C                                                                                                            1.30 
where, =2f 
The maximum angular frequency max obtained from the complex plane plot is 
equal to the inverse of product of RCT and double layer capacitance of the 
polymerelectrolyte interface, CD.  Equation 1.31 then gives the expression of 
max and it is called the characteristic relaxation frequency.   
DCT
max CR
1
ω                                                                                                   1.31 
The inverse of max is , which is the characteristic time constant for the charge 
transfer process 
 = RCTCD         .                                                                                               1.32 
At lower frequency, diffusion control (D.C) regime, diffusion of charge in the 
polymer film dominates impedance.  The polymer resistance (Rflim) and 
polymer capacitance (Cfilm) are related to charge transfer diffusion coefficient 
(DCT) by Equation 1.33 and 1.34.144,146 
CT
2
3CfilmD
φ
Rfilm                                                                                           1.33 
))/d(ωZd(
Cfilm
1 1
IM
                                                                                   1.34 
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1.6 CONCLUSIONS 
In conclusion, this chapter presents a review of relevant literature related to 
electrochemiluminescent biosensors.  The chapter initially briefly introduces the 
basic concepts of biosensor and electrochemiluminescence followed by citing 
relevant literature related to transducer surface modification with 
metallopolymers and carbon nanotubes.  Few keys concepts regarding AC 
impedance is also introduced.   
It is clear that ECL provides a powerful tool for developing new assays for 
clinical diagnosis.  Currently, nearly 100 assays for a wide variety of biomarkers 
are available, like for prostrate cancer, cardiac diseases, tumour and thyroid 
diseases.  Compared to solution phase, solid state ECL exhibits several 
advantages.  The vast number of literature available shows that a number of 
methods have been developed to fabricate solid state ECL sensors.  Though 
much progress has been made to improve the sensitivity, robustness and 
regenerability of solid state ECL sensors, many new methods and materials are 
still needed to further improve the sensor performance and realize practical 
applications.  Design and development of new materials, advancement in the 
field of instrumentation, novel signal amplification strategies, increase in 
conductivity of composite films through the use of carbon nanotubes and 
metallic nanoparticles and miniaturization will all play a significant role in this 
respect.  But as the dynamics of ECL sensor greatly depends on reaction kinetics 
and electron transfer a fundamental understanding of the ECL processes is also 
highly essential for the development of portable, highly sensitive, selective, 
point of care devices.   
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CHAPTER II 
ELECTROCHEMILUMINESCENT NANOMATERIALS 
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2.1 INTRODUCTION 
Electrochemiluminescence, where light-emitting species are produced by 
reactions between electrogenerated intermediates has become an important and 
powerful analytical tool in recent years.  Since the first ECL experiments in 
1964 by Hercules and co-workers1 many ECL emitters including organic 
systems like 9,10-diphenylanthracene (DPA), anthracene, tetracene, 
phenothiazine, rubrene isobenzofurans, heterocyclic molecules like carbazoles 
and inorganic systems like [Ru(bpy)3]2+, [Ir(ppy)3], [Os(bpy)3]2+, 
[Re(CO)3Cl(phen)]+ have been reported.2   
Recent reviews have highlighted the use of metal chelate systems in ECL.3-7  
For example, bipyridyl ruthenium complexes are of particular interest due to 
their solubility in a variety of solvent media, their stable redox chemistry, their 
long excited state lifetimes and their relatively strong photoluminescence and 
ECL.7,8  In fact, a [Ru(bpy)3]2+ derivative containing a succinimide ester has 
been developed for use in clinical analyses (e.g., immunoassays, DNA probes).9  
Another important class of chelating agent whose metal chelating properties 
have been utilized in a range of analytical reagents and probes is 1,10-
phenanthroline ligand (Figure 2.1 A).  One of the most important characteristics 
of this ligand is its rigid structure imposed by the central ring, B, which always 
keeps the two nitrogen atoms in juxtaposition to each other unlike in the 2,2’-
dipyridyl system (Figure 2.1 B) where the two nitrogens are free to rotate about 
the linking bond.   
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(A) 
 
(B) 
 
Figure 2.1: Structure of 1,10-phenanthroline ligand (A) and 2,2’-bipyridyl 
system (B).   
In designing new ECL, probes several specific properties must be considered.  
Mainly, the probe must exhibit high luminescence efficiency that enables high 
detection sensitivity.  Furthermore, for ECL-based assays, low redox potentials 
of the reagents and stability of their redox forms are mandatory.  Thermal and 
photochemical stability, good solubility in water and synthetic accessibility are 
other important requirements for the probes.   
Transition metal complexes, in particular those of the group 7 and 8 metals 
(Ru(II),8,10,12,13 Os(II),2,5 Re(I),8 Rh(III) and Ir(III)2,14) and the lanthanides are a 
promising class of compounds for ECL sensor and probe technologies.  Due to 
their long excited state lifetimes (hundreds of nanoseconds to tens of 
microseconds) transition metal complexes are more appealing than organic 
fluorophores (that usually have decay times of a few nanoseconds).  Their 
luminescence quantum yields, although mostly modest compared to organic 
fluorophores, are adequate for a variety of applications.  Furthermore, ruthenium 
polypyridyl complexes exhibit emissions with large Stokes shift which leads to 
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reduced background signal at the detection wavelength.  They are less affected 
by oxygen quenching, compared to traditional fluorescent dyes and lanthanides.   
The ECL characteristics of the transition metal complex strongly depend on the 
metals and the ligands of the complex.  Various studies15,16 have shown that 
there exists an interesting relationship between the donor ability of the ligand 
and the ECL properties of the ruthenium (II) complexes and that it is possible to 
tune the ECL properties by introducing ligands with different donor abilities to 
metal complexes.   
In the search for ECL probes with long-lived excited state, monomers 
containing two and three amino phenanthroline ligand i.e., [Ru(aphen)2bpy]2+ 
and [Ru(aphen3)]2+ respectively were prepared.  The following chapter outlines 
the experimental methods and procedures used to synthesise and characterize 
these ruthenium polypyridyl complexes.  These complexes are interesting to 
study in the context of electropolymerisation (Chapter 4) as they permit 
multidirectional polymer growth which leads to highly crossed linked polymers 
containing dispersed metal redox centers.  Also they can be used as effective 
bio-immobilization platforms for the attachment of biomolecules like antibodies 
or proteins.   
Recently, Forster and co-workers17-19 reported on the use of metallopolymers as 
a novel ECL platform.  The ECL properties of [Ru(bpy)2 PVP)10]2+, where bpy 
is 2,2΄-bipyridyl and PVP is poly(4-vinylpyridine), have been studied in some 
detail predominantly using oxalate, TPA and other small molecules as co-
reactants.  The synthesis and characterization of [Ru(bpy)2PVP)10]2+ has also 
been reported in this chapter and the fabrication and characterization of 
[Ru(bpy)2PVP)10]2+ modified electrodes has been described in detail in Chapter 
3.  These platforms have been used for potential modulation technique in 
Chapter 5.   
In order to carry our biological assays another interesting monomeric ruthenium 
complex, [Ru(bpy)2PICH2]2+ where bpy is 2,2 bipyridine and PICH2 is (2-(4-
carboxyphenyl)imidazo[4,5-f][1,10]phenanthroline), was synthesised within the 
research group.  This complex comprises of a phenanthroline chelate site linked 
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via a benzimidazole spacer to a benzoic acid terminus.20,21  Significantly, the 
imidazole moiety of this bridging ligand is capable of undergoing 
protonation/deprotonation reaction depending on the pH of the contacting 
electrolyte solution.  Accordingly, [Ru(bpy)2PICH2]2+ possesses three ionisable 
sites depending on the pH of the contacting electrolyte and can exist in four 
states of protonation [Ru(bpy)2PICH3]3+, [Ru(bpy)2PICH2]2+, [Ru(bpy)2PICH]+ 
and [Ru(bpy)2PIC]0.21  Pellegrin et.al.,20 reported that emission from the 
[Ru(bpy)2PICH2]2+ in aqueous solution occurs from the 3MLCT excited state.  
[Ru(bpy)2PICH2]2+ is strongly luminescent, in its dicationic state with its 
emission maximum occurring at 605 nm at room temperature.  Its luminescent 
lifetime EM and quantum yield for emission 455 in buffered aqueous solution 
(pH 5.5), were reported to be 975 ns and 0.06720 (i.e., 30% higher than the 
quantum yield of [Ru(bpy)3]2+).   
This complex is extremely attractive for use in biological assays due to its 
capacity to bind to DNA,22 its participation in interfacial self assembled 
monolayers (SAM),23 peptide conjugates for luminescence and luminescence 
lifetime cellular imaging,24 and its ability to bind to proteins through its carboxyl 
terminus.  Furthermore, it can be readily functionalised through the carboxyl 
terminus making it an attractive complex for producing extended 
supramolecular structures.20  Therefore, it serves as an excellent candidate to be 
used as ECL label in the antibody assay as described in Chapter 6.   
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2.2 EXPERIMENTAL 
2.2.1 Apparatus 
Electrochemical measurements were carried out with a CH instruments, model 
660 potentiostat.  Cyclic voltammetry was conducted using a typical three-
electrode cell configuration.  Electropolymerisation in anhydrous acetonitrile 
and aqueous sulphuric acid was performed using a 1.5 mm radius glassy carbon 
electrode as a working electrode.  An aqueous or non-aqueous Ag/AgCl 
electrode was used as a reference depending on the solvent and a platinum wire 
was used as counter electrode.  All solutions were deaerated for 20 min by 
purging with nitrogen prior to electrochemical experimentation.  All potentials 
are quoted versus Ag/AgCl reference electrode, and all measurements were 
made at room temperature.   
Absorbance spectra were recorded on a Shimadzu UV-Vis-NIR 3100 
spectrophotometer and emission spectra on a Perkin-Elmer LS50-B 
spectrophotometer using 1 cm optical path length quartz cuvette.   
Analytical 1H and 13C NMR spectra were recorded on Bruker Advance 400 
NMR spectrometer and the free induction decay (FID) profiles processed using 
XWIN-NMR software package.  Deuterated d8-dimethylsulfoxide (d8-DMSO) 
was supplied from Sigma-Aldrich.   
The fluorescence properties of the electropolymerised films were investigated 
with a Zeiss LSM 510 Meta laser module confocal microscope using an 
excitation wavelength of 488 nm and 10x magnification objective.   
Resonance Raman spectra were recorded on a HORIBA Jobin-Yvon Labram 
HR 2000 confocal Raman microscope.  An argon ion laser (Coherent) was used 
to excite at 488 nm.  The laser was focused onto the film using a 10x objective.   
Time correlated single photon counting (TCSPC) lifetime measurements were 
made on PicoQuant PDL-800B pulsed diode laser controller and Fluo Time 100 
TCSPC with a 450 nm pulsed laser source with a cut-off filter of 530 nm.  
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TCSPC analysis was performed using PicoQuant FluoFit software.  Prior to 
measurement all samples were degassed for 30 min with nitrogen.   
 
2.2.2 Materials and reagents 
The ruthenium monomers, [Ru(aphen)2bpy]2+ and [Ru(aphen)3]2+ were kindly 
provided by Dr. Yann Pellegrin of the Tia Keyes research group following the 
synthesis procedure elsewhere described.25  The metallopolymer, 
[Ru(bpy)2(PVP)10]2+, was kindly provided by Ms. Anitha Devdoss of the Robert 
Forster research group and was synthesised using a modified literature 
procedure.18 Finally, [Ru(bpy)2PICH2]2+ was kindly provided by Dr. Ellena 
Lestini of Tia Keyes research group and was synthesised as described 
previously.20  The structures of the complexes was confirmed using 1H-NMR 
spectra that were recorded on Bruker Advance 400 NMR spectrometer and the 
free induction decay (FID) profiles processed using XWIN-NMR software 
package.  The structures, 1H-NMR, CHN data and mass spectra data of these 
compounds are given in Appendix 3.  All chemicals and solvents were 
purchased from Sigma Aldrich and were of analytical grade.  All solutions were 
made using deionised water purified with a Milli -Q plus 18.5 Millipore 
installation.  The solvents used for spectroscopic measurements were of HPLC 
grade.   
 
2.3 RESULTS AND DISCUSSION  
2.3.1 [Ru(bpy)2PICH2]2+ 
[Ru(bpy)2PICH2]2+ was synthesised within the research group as described 
previously.20  The product was characterized by cyclic voltammetry, UV-vis 
spectroscopy and NMR.  Figure 2.2 shows representative cyclic voltammogram 
of a spontaneously adsorbed film of [Ru(bpy)2PICH2]2+ on indium tin oxide 
(ITO) electrode.  Spontaneously adsorbed monolayers were formed according to 
a previously published procedure.21  Briefly, ITO electrodes were immersed 1 
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mM solution of the metal complex in methanol/water (50/50, v/v) mixture for 12 
hrs.  Before electrochemical measurements were performed, the electrodes were 
rinsed with acetone followed by washing with 0.1 M LiClO4 (electrolyte 
solution) to remove any unbound material.  The CV shown in Figure 2.2 was 
performed in blank solution of 0.1 M LiClO4 (pH 6.50.1) which had no 
dissolved ruthenium monomer.  The CV shows that the formal potential of 
Ru2+/3+ couple is at +0.9 V vs. Ag/AgCl, which is lower than that reported by 
Forster et.al.,21(1.04  0.015 V vs. Ag/AgCl) for this compound under identical 
conditions.  However, lower oxidation potential implies that the ruthenium 
complex can be easily oxidized when immobilized.  This aspect is important as 
this compound will be immobilized onto the surface of silica nanospheres, to 
form ECL labels for IgG immunoassay in Chapter 6.  The monolayer exhibits 
close to ideal surface confined behaviour with peak-to-peak separation of 0.1 V 
between anodic and cathodic waves.  Apart from the formal oxidation and 
reduction potentials the compound was very similar to one previously 
reported.21  Figure 2.3 shows the associated emission decay which follows mono 
exponential kinetics, with a lifetime of 6825 ns in nitrogen purged PBS (pH 7).  
This lifetime is some what shorter than that reported earlier for this compound 
by Pellegrin et.al.23  This is however expected as the emission of the ruthenium 
PICH2 compound is highly pH dependent.  Pellegrin and co-workers reported 
that the both lifetime and luminescence quantum yield of [Ru(bpy)2 PICH2]2+ 
decreased to 55010 ns and 0.038 respectively, when the complex was 
deprotonated at pH 11.23  As the lifetime of 9755 ns was reported for the 
complex at pH 5.5 one can expect that at PBS buffer of pH 7 there would be a 
slight decrease in the lifetime.  These results along with UV spectrum (Figure 
2.4) confirm the identity of the complex.   
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Figure 2.2: Cyclic voltammogram of monolayer formed by dissolving 1 mM 
[Ru(bpy)2PICH2]2+ in 50:50 Methanol: H2O mixture and self assembling it on 
ITO (1 cm x 1 cm x 0.1 cm; l x b x h).  The CV was performed in blank 0.1 M 
LiClO4 (pH 6.50.1) at scan rate 0.1 Vs-1, potential range +0.0 V to +1.5 V.   
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Figure 2.3: Typical fluorescence emission decay of [Ru(bpy)2PICH2]2+ in 
degassed aqueous PBS buffer (pH 7) when pulsed with a 450 nm laser source 
with a long pass cut-off filter of 530 nm, mono exponential decay.   
 
2.3.2 Characterization  
We know from the previous sections that one can tune the spectroscopic and 
electrochemical properties of metal complexes by appropriate choice of 
ligands.25  The nature of the ligand can influence the energy of the lowest 
MLCT excited state, which is the emitting excited state responsible for the 
photoluminescence and electrochemiluminescence of the compounds studied 
herein.  The presence of the MLCT excited state can be verified by absorption 
spectroscopy.   
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Figure 2.4 illustrates the absorption spectra of all four ruthenium polypyridyl 
complexes synthesised.  The spectra shows that all three complexes i.e., 
[Ru(bpy)2PICH2]2+, [Ru(aphen)3]2+ and [Ru(aphen)2bpy]2+ exhibit intense ligand 
centered (LC) * transition peaks in the 200-300 nm range.  Also the three 
compounds show strong absorption maximum of the d* MLCT25, 29 at 460, 
467 and 450 nm respectively.  Significantly, the MLCT absorption maxima of 
[Ru(aphen)2bpy]2+ is identical to the lowest energy absorption maxima of 
[Ru(bpy)3]2+ in aqueous solution.8   
In addition to this, [Ru(aphen)3]2+ and [Ru(aphen)2bpy]2+ also show a peak 360 
nm confirming the presence of amino phenanthroline ligand.30  The absorption 
spectrum of [Ru(bpy)2(PVP)10]2+ illustrated by a thin line (─), shows metal 
centered (MC) transition at 344 nm and d* MLCT25,29 absorption maxima at 
465 nm.7  The spectrum obtained below corresponds to that obtained previously 
for this metallopolymer.31   
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Figure 2.4: Absorption spectra of ruthenium polypyridyl complexes used.  The 
spectra of the complexes were taken in the respective solvents in which they 
were used in the thesis.  60 M [Ru(bpy)2(PVP)10]2+ polymer in 1:1 mixture of 
Ethanol: DMF (◦◦◦◦), 15 µM [Ru(bpy)2PICH2]2+ in 10 mM PBS buffer pH 7 (­­­­) 
, 31 M [Ru(aphen)3]2+ in spectroscopic grade CH3CN (− ·· −) and 125 M 
[Ru(aphen)2bpy]2+ in spectroscopic grade CH3CN (▬).  A quartz cuvette with 1 
cm path length was used.  The spectra have been offset for clarity.   
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All compounds, i.e., [Ru(bpy)2(PVP)10]2+, [Ru(bpy)2PICH2]2+, [Ru(aphen)3]2+ 
and [Ru(aphen)2bpy]2+, dissolved in acetonitrile, showed intense emission 
around 610 nm when excited at 465, 460, 467 and 450 nm respectively, as 
shown in Figure 2.5.  This emission wavelength is identical to that of 
[Ru(bpy)3]2+ in aqueous solution.8,32  The MLCT absorption, emission 
wavelengths and extinction coefficients of all the compounds in different 
solvents have been summarised in Table 2.1.   
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Figure 2.5: Emission spectra of all the ruthenium polypyridyl complexes used.  
The polymer, [Ru(bpy)2(PVP)10]2+ (▬), 60 M was in 1:1 mixture of 
ethanol:DMF as it is not soluble in pure spectroscopic grade CH3CN.  The rest 
of the monomers, 15M [Ru(bpy)2PICH2]2+ (▬), 31 M [Ru(aphen)3]2+ (▬) 
and 125M [Ru(aphen)2bpy]2+ (▬) were present in spectroscopic grade CH3CN.  
The compounds [Ru(bpy)2(PVP)10]2+, [Ru(bpy)2PICH2]2+, [Ru(aphen)3]2+ and 
[Ru(aphen)2bpy]2+ were excited at 465, 460, 467 and 450 nm respectively with a 
slit width of 10 nm.  Blank CH3CN is represented by (▬).   
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Table 2.1: Absorption and emission data of ruthenium polypyridyl complexes in 
different solvents.   
Complex 
MLCT 
absorption at 
rt, nm  
max 
(emission) 
at rt, nm  
log  
[Ru(bpy)2(PVP)10]2+ 465a  620c  3.8 
[Ru(bpy)2 PICH2]2+ 460b  606c  4.4 
[Ru(aphen)3]2+ 467c  606c  3.9 
[Ru(aphen)2bpy]2+ 450c  610c  3.5 
 
a Measured in (1:1;ethanol:DMF).  b Measured in PBS (pH 7).  c Measured in 
acetonitrile.  rt –room temperature 
It has been established that in ECL annihilation pathway, both the oxidized and 
reduced forms of the luminophore are produced electrochemically within the 
depletion zone by application of a potential step or sweep.  These species then 
interact to produce both a ground state and an electronically excited state, which 
then relaxes by emission of a photon.15  The corresponding free energy for the 
reaction can then be calculated using Equation 2.1:15 
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)EnF(EΔG 0ACCEPTOR
0
DONOR                                                                             2.1 
where, 0DONORE , 
0
ACCEPTORE  are formal potentials for ground state reduction and 
oxidation processes respectively.  For ECL reactions, G is typically in the 
range of 2-3 eV.  But in case of co-reactant ECL, establishing the energetics of 
ECL reactions is more difficult, because the energies of the reactive 
intermediates, such as CO2•, may not be accurately known.13  However, the 
fundamental principles are the same as with annihilation reaction in terms of the 
energy of the electron transfer step.  Bock and co-workers33 have estimated the 
formal reduction potential of E0(Ru3+/2+*) to be -0.84 V vs. NHE in H2O.  
Knowing this value, co-reactant ECL can be explained following similar lines to 
that of annihilation ECL.  For example the following reactions are known to 
occur in the [Ru(bpy)3]2+/ [C2O4]2- co-reactant ECL system.34   
[C2O4]2-- e-[C2O4•] CO2• + CO2                                                              2.2 
The oxidizing potential also oxidizes the ECL luminophore [Ru(bpy)3]2+: 
[Ru(bpy)3]2+ -e[Ru(bpy)3]3+                           E0Ru2+/3+=+1.26 V vs. NHE     2.3 
[Ru(bpy)3]3+ and CO2• may then react according to Equation 2.4, to produce the 
excited state [Ru(bpy)3]2+* which is capable of emitting light.  Given the values 
of 0DONORE  and 
0
ACCEPTORE are +1.26 V and -0.84 V respectively, G is of the 
order of 2.1 eV.  Also, the wavelength of maximum emission obtained for 
[Ru(bpy)3]2+* at 298 K following photo excitation is 610 nm (2.03 eV).35  
Therefore, the free energy of the above ECL reaction exceeds that required to 
create the electronically excited state, and ECL becomes possible.   
[Ru(bpy)3]3+ + CO2• [Ru(bpy)3]2+* + CO2   E0Ru3+/2+*=-0.84 V vs. NHE (-
1.05 V vs. Ag/AgCl/3 M KCl)36,37                                                                     2.4 
[Ru(bpy)3]2+* [Ru(bpy)3]2+ + h                                                                    2.5 
Cyclic voltammetry (CV) is a convenient method for determining the potentials 
at which the desired reactants are generated.  Also, CV is an excellent probe of 
the stability of the oxidized and reduced forms of the complex (i.e., the radical 
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anions or cations) and their ability to undergo electron transfer reactions.  
Stable, “reversible” redox processes as well as high photoluminescence lifetimes 
are often used13 to determine whether a compound shows promise as an ECL 
luminophore or not.8   
Figures 2.6 illustrates the cyclic voltammogram obtained when a 1.5 mm radius 
glassy carbon electrode is immersed in a 1.5 mM solution of [Ru(aphen)2bpy]2+ 
dissolved in 0.1 M acetonitrile with TBATFB as supporting electrolyte.  In 
acetonitrile, consistent with previous reports,25,38 two oxidation processes are 
observed during the first scan.  These processes correspond to irreversible 
oxidation of the 5-amino-1,10-phenanthroline ligand at approximately +0.85 
V39, 40and the electrochemically reversible Ru2+/3+ couple at +1.01 V.  Amine-
based oxidation is essential for the initiation of polymerization as explained in 
detail in Chapter 4.  The oxidation of Ru2+/3+ couple occurs at +1.01 V from 
which we can calculate G to be 2.06 eV.  For oxalate co-reactant ECL this is 
an energy sufficient system.   
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Figure 2.6: Cyclic voltammogram of 1.5 mM solution [Ru(aphen)2bpy]2+, 
represented by solid line (▬), on a 3 mm diameter glassy carbon electrode at a 
scan rate of 0.1 Vs-1.  The potential range is from +0.3 V to +1.5 V in 0.1 M 
CH3CN / TBATFB.  CV of blank 0.1 M CH3CN / TBATFB on GCE is 
represented by dashed line ().   
 
In acetonitrile, the Ru2+/3+ couple shows reversible behaviour but it is observed 
that in 0.5 M H2SO4 (pH 0.3) it exhibits irreversible or quasi reversible 
behaviour.41  As shown in Figure 2.7, the CV of [Ru(aphen)2bpy]2+ on a 3 mm 
diameter glassy carbon electrode shows oxidation and reduction peaks at +1.6 V 
and +0.6 V respectively.  The value of IPA/IPC lies in the range of 0.20-0.40 
compared to the expected value of unity for a reversible response.  No pre-peak 
for amine based oxidation is observed.  The irreversible behaviour is explained 
in detail in Chapter 4.  In spite of the above observations, a high G value of 
2.65 eV is obtained when half wave potential for Ru2+ oxidation is used.  Hence, 
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this film may show higher ECL intensity when compared to its acetonitrile 
counter part.   
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Figure 2.7: Cyclic voltammogram of 1.5 mM solution [Ru(aphen)2bpy]2+, 
represented by solid line (▬), on a 3 mm diameter glassy carbon electrode at a 
scan rate of 0.1 Vs-1.  The potential range is from -0.2 V to +1.75 V in 0.5 M 
H2SO4 (pH 0.3).  CV of blank 0.5 M H2SO4 (pH 0.3) on GCE is represented by 
dashed line ().   
 
Figure 2.8 shows the excited state lifetime of [Ru(aphen)2bpy]2+ in acetonitrile 
under deoxygenated condition.  The solution was deoxygenated for 30 min prior 
to measurements as it is well known that oxygen is an excellent quencher of 
excited state lifetime.  The bis-aminophenanthroline complex shows a very short 
lifetime of 33 ns.   
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Figure 2.8: Typical fluorescence emission decay of degassed [Ru(aphen)2bpy]2+ 
in acetonitrile when pulsed with a 450 nm laser source with a long pass cut-off 
filter of 530 nm, single exponential decay.   
Though [Ru(aphen)2bpy]2+ exhibits a very short excited state lifetime compared 
to [Ru(bpy)3]2+, the film formed both in acetonitrile and H2SO4 satisfy the 
energy requirement (G value) needed to create the electronically excited state 
for ECL.  Hence it is expected that these films might exhibit 
electrochemiluminescence.   
Similar studies were conducted with 1.0 mM solution of [Ru(aphen)3]2+ in 0.1 
M acetonitrile with TBATFB as the supporting electrolyte and 0.5 M H2SO4 (pH 
0.3).  Figures 2.9 and 2.10 shows the cyclic voltammogram of 1.0 mM 
[Ru(aphen)3]2+ in acetonitrile and in 0.5 M H2SO4 (pH 0.3) respectively.   
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Figure 2.9: Cyclic voltammogram of 1.0 mM solution [Ru(aphen)3]2+, 
represented by solid line (▬), on a 3 mm diameter glassy carbon electrode at a 
scan rate of 0.1 Vs-1.  The potential range is from +0.3 V to +1.5 V in 0.1 M 
CH3CN / TBATFB.  CV of blank 0.1 M CH3CN / TBATFB on GCE is 
represented by dashed line ().   
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Figure 2.10: Cyclic voltammogram of 1.0 mM solution [Ru(aphen)3]2+, 
represented by solid line (▬), on a 3 mm diameter glassy carbon electrode at a 
scan rate of 0.1 Vs-1.  The potential range is from -0.2 V to +1.75 V in 0.5 M 
H2SO4 (pH 0.3).  CV of blank 0.5 M H2SO4 (pH 0.3) on GCE is represented by 
dashed line ().   
The cyclic voltammogram of [Ru(aphen)3]2+ in acetonitrile shows a redox peak 
corresponding to the oxidation of electrochemical Ru2+/3+ couple at +1.05 V.39  
Redox peaks at +0.5 V and +0.88 V are also seen which could be attributed to 
corresponding oxidation and reduction of 5-amino-1,10-phenanthroline 
ligand.39,42  The oxidation potential of the Ru2+/3+ couple in H2SO4 lies at +1.5 
V.   
Figure 2.11 shows the excited state lifetime of [Ru(aphen)3]2+ in acetonitrile 
under deoxygenated condition.  The tris-aminophenanthroline complex also 
shows a very short lifetime of 33 ns.   
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Figure 2.11: Typical fluorescence emission decay of degassed [Ru(aphen)3]2+ in 
acetonitrile when pulsed with a 450 nm laser source with a long pass cut-off 
filter of 530 nm, mono exponential decay kinetics.   
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2.4 CONCLUSIONS 
In conclusion, the synthesis and characterization of ruthenium polypyridyl 
complexes, used in this thesis i.e., [Ru(aphen)2bpy]2+, [Ru(aphen3)]2+, [Ru(bpy)2 
PVP)10]2+ and [Ru(bpy)2PICH2]2+, have been reported herein.   
Spectroscopic and electrochemical characterization of [Ru(aphen)2bpy]2+ and 
[Ru(aphen3)]2+ monomers showed that these two complexes exhibit very short 
excited state lifetime.  However, the films formed both in acetonitrile and H2SO4 
satisfy the energy requirement (G value) needed to create the electronically 
excited state for ECL.  Hence, they are expected to posses 
electrochemiluminescent properties.  The synthesised polymer, 
[Ru(bpy)2PVP)10]2+, was characterized using UV-vis absorption spectroscopy.  
The emission values obtained correspond very well with ones reported earlier 
for this compound.31  This compound was used in the fabrication of polymer 
modified glassy carbon electrode platforms.  These platforms have been used in 
modulated potential ECL, explained in Chapter 5.  Finally, a high brightness 
luminophore [Ru(bpy)2PICH2]2+ with a lifetime of 682 5 ns in degassed PBS 
buffer (pH 7) was also synthesised.  This compound showed reduced lifetime 
than that reported in literature but the reduction in the lifetime is attributed to the 
high pH of the contacting electrolyte.  The silica microspheres used in Chapter 6 
were decorated with this novel ECL luminophore and used in the pico molar 
detection of IgG.   
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3.1 INTRODUCTION 
This chapter deals with the immobilization of ECL luminophores and 
biomolecules onto the surface of electrodes.  The sensitive detection of proteins 
is critical in diagnostics and the transduction platform therefore plays a vital 
role.1  Various immobilization techniques like drop / spin casting,1 Langmuir-
Blodgett,2,3 electropolymerization4-8 and self assembly exist.9,10,11,12  The 
following chapter deals with three such techniques i.e., electropolymerization, 
drop casting and self assembly.   
The immobilization of ECL reagents onto conducting substrates eliminates 
several disadvantages associated with solution phase detection including loss of 
signal due to diffusion of reagent out of the detection zone, high reagent 
consumption and limited ability to continuously cycle an individual 
luminophore.13   
The method of forming the polymer films is a significant factor to bear in mind 
when considering them for different applications like immobilization of bio-
components.  Techniques like solvent evaporation and spin coating,14 though 
widely used to deposit polymer films on electrode surfaces, often do not produce 
homogeneous coatings.  They may not posses’ good reproducibility in layer 
thickness and three-dimensional structure.  Other techniques like Langmuir- 
Blodgett and electrostatic assembly on the other hand are associated with poor 
mechanical and thermal stability and substantial interpenetration.15   
Dennany and co-workers16 have shown that drop casting of the ECL 
luminophore, [Ru(bpy)2PVP10]2+, increases the overall efficiency of the ECL 
reaction by four times when compared to the same material in solution.  Hence, 
this technique has been employed in this chapter to create [Ru(bpy)2PVP10]2+ 
film electrodes for potential modulated ECL reported in Chapter 5.   
One of the major challenges in designing biosensor platforms faced by many 
researchers today is the establishment of good electrical communication 
between the biomolecule and the sensor surface.  The various characteristics of 
CNT make them excellent candidates to overcome this issue.17-19  They are 
conducting and can be derivatized with functional groups for the attachment of 
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biomolecules and they have a very high surface area to weight ratio (~300 m2g-
1) which is accessible for both electrochemistry and surface immobilization.20  
The method for self assembling of SWCNTs in the form of vertically aligned 
forests is described herein.  The nanotubes have been derivatized with carboxyl 
groups which were used to covalently link primary antibodies to give a 
functionalized surface for performing immunoassays.  The performance of this 
assay is reported in Chapter 6.   
 
3.2 EXPERIMENTAL 
3.2.1 Apparatus 
Electrochemical measurements were carried out with a CH instruments, model 
660 potentiostat.  Cyclic voltammetry was conducted using a typical three-
electrode cell.   
Impedance spectroscopy was performed using conventional three electrode cell 
and CH instruments, model 760B potentiostat.  An excitation signal of 60 mV 
(peak amplitude) was applied to the electrodes and the frequency of the signal 
was varied between 1 mHz -100 kHz.   
An aqueous Ag/AgCl/saturated KCl (3M) electrode (0.21 V vs. NHE)21 was 
used as reference for electrochemical measurements with a platinum wire 
counter electrode.  All solutions were deaerated for 20 minutes by purging with 
nitrogen prior to electrochemical experimentation.  All potentials are quoted 
versus Ag/AgCl reference electrode, and all measurements were made at room 
temperature.   
Profilometry was performed using Dektak stylus surface profiler with a stylus 
tip radius of 12.5 µm.  The stylus was on precision balanced cantilever coupled 
to a highly sensitive and repeatable Linear Variable Differential Transformer 
(LVDT).  The Dektak has a vertical range of 25 Å to 2620 Å and a vertical 
resolution of 1 Å.  The horizontal scan length range was 50 µm to 200 mm and 
the horizontal scan resolution was 775 pm.   
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Absorbance spectra were recorded on a Shimadzu UV-Vis-NIR 3100 
spectrophotometer and emission spectra on a Perkin-Elmer LS50-B 
spectrophotometer using 1 cm optical path length quartz cuvette.   
Resonance Raman spectra were recorded on a HORIBA Jobin-Yvon Labram 
HR 2000 confocal Raman microscope.  Vertically aligned SWCNT forests were 
assembled on Si wafers for resonance Raman spectroscopy and AFM.  A 
Helium-Neon laser was used to excite at 633 nm.  The laser was focused onto 
the silica wafer using a 10x objective.   
Atomic force miscopy was performed on NANOSCOPE IIIa /Dimensions 3100 
microscope at National University of Ireland Galway (NUIG) and on Digital 
Instrument Bioscope II with a Nanoscope 7.30 controller operating in air.  AFM 
images were taken in tapping mode configuration with a commercial non-
conductive silicone nitride cantilever tip.    
Field emission scanning electron microscopy (FSEM) was performed on a 
Hitachi 5500, magnification x 1000 k and resolution 0.5 nm.  Image analysis 
was carried out using Image J version 1.37d image analysis software.   
Transmission electron microscopy was performed using Hitachi H-7500 
transmission electron microscope.  Image analysis was carried out using Image J 
version 1.37d image analysis software.   
Ink jet printing was done on Dimatrix DMP-2811 inkjet deposition system 
located in the National Center for Sensor Research (NCSR), research laboratory 
of Dr. Tony Killard.  The Dimatrix DMP-2811 inkjet deposition system has 16 
nozzles with 254 µm nozzle spacing, single row and drop volume of 10 pL.  
Squares of 1x1 cm2 were printed with a printing resolution of 40 µm, angle 9.1.   
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3.2.2 Materials 
[Ru(bpy)2(PVP)10]2+ was synthesised within the group as described in Chapter 2, 
Section 2.3.1.3.  Single walled carbon nanotubes (SWCNT-HiPco) were 
obtained from Prof. James F. Rusling’s group (University of Connecticut) and 
carboxyl functionalized as described in Section 3.3.3.  Silver-filled conductive 
epoxy and epoxy adhesive, Araldite Rapid, was purchased from Radionics.  0.8 
m NH2 functionalized silica microspheres were purchased from Bangs 
Laboratories, Inc.  G1.5 acid terminated PAMAM dendrimers were purchased 
from Sigma-Aldrich.  All chemicals and solvents were purchased from Sigma 
Aldrich and were of analytical grade.  All solutions were made using deionized 
water purified with a Milli-Q plus 18.5 M Millipore installation.  The solvents 
used for spectroscopic measurements were of HPLC grade.   
 
3.3 RESULTS AND DISCUSSIONS 
3.3.1 [Ru(bpy)2(PVP)10]2+ film electrode: Preparation and Characterization 
In order to form [Ru(bpy)2(PVP)10]2+ films, glassy carbon electrodes were 
first polished with an aqueous slurry of 0.3 m alumina for 10 minutes, 
rinsed thoroughly with deionized water and then polished again for 10 
minutes with 0.05 m alumina.  After polishing, the electrodes were 
thoroughly rinsed, first with deionized water and then with acetone to 
remove all traces of alumina from the surface and dried under a nitrogen 
stream.  A 1% (w/v) metallopolymer solution was prepared by dissolving 
1 mg of polymer in 1 mL ethanol/DMF mixture (1:1; ethanol: DMF).  A 50 
L drop of this 1% (w/v) metallopolymer solution was drop casted onto 
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the cleaned and polished electrode surface.  These electrodes were then 
allowed to dry in the dark for 10-12 hrs.   
 90 
 
3.3.1.1 Film thickness by profilometry 
The film thickness was calculated using profilometry and it is as shown in 
Figure 3.1.  It was found that the films were not uniform with the film 
thickness being larger towards the centre of the electrode.  Hence, 
measurements were averaged over 5 different films and in all cases 
similar profiles were observed.   
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(A) 
 
(B) 
 
Figure 3.1: Profilometry measurement of a bare glassy carbon electrode (A) and 
the same glassy carbon electrode following evaporation to dryness of a 50 L 
drop of 1% (w/v) [Ru(bpy)2(PVP)10]2+ in 1:1; Ethanol: DMF mixture (B).  The 
electrode radius is 1.5 mm.   
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The average thickness,, of the ruthenium films was found to be (0.80.2) µm.  
It has to be noted that the thickness reported here is the dry thickness of the 
polymer film.  It has already been reported by many researchers16, 22 that when 
these PVP systems are dipped in electrolyte, they tend to swell and the thickness 
during the experiment is significantly different, up to several hundred fold when 
compared to dry thickness.   
 
3.3.1.2 Cyclic voltammetry characterization  
The surface coverage, , was determined by graphical integration of the 
background-corrected cyclic voltammogram (=1x10-3 Vs-1).  Figure 3.2 
illustrates the voltammetric behaviour of thin 1% (w/v) [Ru(bpy)2(PVP)10]2+ 
films on glassy carbon electrodes of 3 mm diameter.  The metallopolymer has a 
formal oxidation potential at 1.150.01 V vs. Ag/AgCl/KCl (3 M).  This agrees 
well with the formal oxidation potential reported for this compound earlier by 
Denanny et.al.23  For all scan rates, the ratio of the anodic peak current to 
cathodic peak current was found to be unity.  This implies electron transfer 
reaction is reversible.  The CV exhibits several characteristics of surface bound 
redox species.24  The peak to peak separation between anodic and cathodic curve 
was found to be 0.02 V which is very close to zero, as expected for surface 
confined species.24  The full width at half maximum (FWHM) is 953 mV 
which is close to the theoretical value of 90.6 mV expected for a reaction 
involving the transfer of single electron.  The ruthenium PVP film shows 
electrochemical characteristics similar to ones reported earlier by Hogan and co-
workers12 for this compound in H2SO4.  The surface coverage, , was 
determined using Equation 1.20.   
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Figure 3.2:  Cyclic voltammogram of a 3 mm diameter glassy carbon electrode 
following modification with a thin film of [Ru(bpy)2(PVP)10]2+.  The film was 
formed with a 50 µL drop of 1% (w/v) [Ru(bpy)2(PVP)10]2+ in 1:1; Ethanol: 
DMF mixture.  The scan rate was 1x10-3 Vs-1 and the electrolyte used was 0.1 M 
aqueous LiClO4, and the surface coverage is 4.390.06x10-8 molcm-2.   
The surface coverage, , was calculated to be (4.39±0.06)x 10-8 molcm-2.  This 
value compares very well with that reported in literature.12   
From the thickness and surface coverage measurements, the approximate 
concentration of ruthenium sites was found to be 0.55 M.  This is slightly lower 
than that reported the literature (0.8 M) for this compound by Hogan et.al.12   
At sufficiently slow scan rates, all electroactive centers undergo redox 
transformations on the experimental time-scale, and the redox 
composition of the film is in thermodynamic equilibrium with the electrode 
potential.  The film is then said to be under finite diffusion condition and a 
plot of scan rate vs. peak current will be linear.   
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However, at higher scan rates the term DCTt/d2 (where DCT is the charge 
transfer diffusion coefficient, t is the experimental time scale and d is the 
polymer layer thickness) will be far less than unity.  This is referred to as 
semi-infinite diffusion condition and the peak current varies linearly with 
the square root of the scan rate.  Figure 3.3 shows the scan rate 
dependence of the voltammetric response of [Ru(bpy)2(PVP)10]2+ film.  
Table 3.1 gives the peak currents at different scan rates for the 
ruthenium film.  The inset shows that the peak current varies linearly with 
the square root of the scan rate and therefore the response is dominated 
by semi-infinite diffusion.  This response can be analyzed using Randles-
Sevcik equation, Equation 1.21.     
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Figure 3.3:Scan rate dependence of the voltammetric response for a thin film of 
[Ru(bpy)2(PVP)10]2+ (0.55 M) obtained by drop casting 50 L of 1% (w/v) 
polymer in 1:1 DMF: Ethanol mixture on a 3 mm diameter glassy carbon 
electrode.  The inset shows peak current dependence vs. root of scan rate.  The 
CV was performed in PBS buffer (pH 7), with blank GCE (), and 
[Ru(bpy)2(PVP)10]2+ film, coloured lines, at different scan rates .i.e., 0.1 (), 
0.2 (), 0.3 () , 0.4 (), 0.5 (), 0.6 (), 0.7 () and 0.8 () Vs-1.  The 
surface coverage is 4.390.06x10-8 molcm-2.   
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Table 3.1: Peak currents and standard errors for 50 L drop of 1% (w/v) 
[Ru(bpy)2(PVP)10]2+ film on a 3 mm diameter glassy carbon electrode, 0.1 M 
PBS buffer (pH 7).  The surface coverage is 4.390.06x10-8 molcm-2.   
 
 /Vs-1 IPA /A IPC /A 
0.1 28.81.6 -17.90.6 
0.2 35.02.0 -24.00.9 
0.3 43.01.8 -27.01.1 
0.4 49.01.5 -32.01.2 
0.5 55.00.8 -36.01.1 
0.6 62.03.0 -40.01.0 
0.7 67.02.2 -43.01.5 
0.8 72.02.0 -47.00.9 
 
The charge transport diffusion coefficient was calculated to be (4.48±0.2)10-11 
cm2s-1 from cyclic voltammetry.  Assuming no swelling of the polymer film, 
Equation 3.1 can be used in conjunction with the homogeneous charge transport 
diffusion coefficient of this film to calculate the time taken to fully oxidize this 
layer and regenerate the Ru3+ mediating centers. This was found to be around 26 
s.   
CT
2
D
φ
t

                                                                                                             3.1 
Hogan et.al.,12 reported a value of 10 s for a 250 nm thick film in H2SO4.  It is 
know from earlier work25 that when the pH of the contacting electrolyte is 
greater than 3.5, the mass transport through the PVP matrix is impeded due to 
the absence of swelling which is favoured at low pH due to the repulsive 
interactions between the protonated pyridines.  However, significant impedance 
to mass transport through PVP is not observed in this case.  The thickness of the 
film reported here is at least double the thickness of the film reported by Hogan 
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and co-workers.12  Not surprisingly the time taken to fully oxidize this film is 
also roughly double the value of 10 s.   
 
3.3.1.3 Impedance studies 
Generally, drop cast films do not have very good adhesion to the electrode 
surface and tend to come off the surface.34  Hence, in order to check the stability 
of the films and its adhesion properties, A.C. impedance studies were carried out 
in PBS buffer (pH 7) on the polymer film to investigate if the polymer film 
underwent any degradation due to the application of a sinusoidal potential.  
Potential modulation experiments on the film are reported in detail in Chapter 5.   
As seen in Figure 3.4, a Bode plot of logarithm Z vs. logarithm of frequency 
depicts the various phases present when a potential is applied to the polymer 
modified electrode system under consideration.  According to Hunter et.al..26 for 
an electrode conducting polymer electrolyte arrangement the following 
regions in the impedance spectra, shown in Figure 3.5, can be expected.  At high 
frequency charge transfer dominated behaviour is observed.  The semicircle 
corresponds to the bulk resistance of the polymer layer in parallel to its 
geometric capacitance.  The bulk resistance reflects the concentration and 
mobility of charge carriers in the conducting polymer.27  This is referred to as 
kinetic control (K.C) in this report.  At low frequencies diffusion of charge in 
the polymer film dominates and a diffusion limited region is observed.27,28  This 
is referred to as diffusion control (Diff.C).  In Figure 3.4 a small region between 
the two regions, K.C and Diff.C, which probably represents a transition from 
one region to the other is also observed.   
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Figure 3.4: Bode plot recorded for [Ru(bpy)2(PVP)10]2+ film [=(4.39±0.06)x 
10-8 molcm-2] on GCE with an A.C. sine modulation of 60 mV (peak 
amplitude), over a range of D.C. center potentials, 1.0 V (), 1.08 V (), 1.2 V 
() and 1.3 V () vs. Ag/AgCl, at frequency range of 1 mHz-100 KHz, in PBS 
buffer electrolyte (pH 7).  The diffusion control (Diff.C) and kinetic control 
(K.C) have been separated with a dotted line.   
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Figure 3.5: Ideal Nyquist plot of a redox polymer film.  From Impedance 
analysis of poly vinyl ferrocene Hunter, T. B.; Tyler, P. S.; Smyrl, W. H.; 
White, H. S.; Impedance analysis of poly(vinylferrocene) films, 
J.Electrochem.Soc,1987, 134,9,2198-2204.   
 
Fernandez-Sanchez and co-workers28 have suggested a simple equivalent circuit, 
shown in Figure 3.6(a), which can satisfactorily describe a polymer coated 
transducer surface.   
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Figure 3.6: Equivalent circuit (a) that best describes the impedance behaviour 
of a polymer-coated transducer and its corresponding Bode Plot (c) where, Cg 
and Rb refer to capacitance and resistance of the film, Rct is charge transfer 
resistance, Cdl is double layer capacitance and Re is electrolyte resistance 
between working and reference electrodes.  Reprinted from Fernandez-Sanchez, 
C.; McNeil, C.J.; Rawson, K.; Electrochemical impedance spectroscopy study of 
polymer degradation: application to biosensor development, Trends in 
Analytical Chemistry, 2005, 24, 1, pg 37-48.   
The circuit described by Fernandez-Sanchez can be applied to the current 
situation and thus from the Bode plot, Figure 3.4, we can obtain film resistance 
(RFILM) and film capacitance (CFILM)28 values which are tabulated in Table 3.2.  
From the Table 3.2 it is seen that the RFILM decreases with increasing potential 
but the CFILM remains almost constant.   
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As already mentioned in the literature review, redox polymers like 
[Ru(bpy)2PVP10]2+ are characterized by the presence of specific spatially 
isolated electrochemically active sites.  Electro-activity in these polymers is 
highly localized.  They characteristically exhibit significant conductivity only 
over a very narrow potential range, with maximum conductivity occurring when 
the concentrations of the oxidized and reduced forms are equal in the film i.e., at 
the formal potential, Eo,of the redox centres.29  It is commonly held that redox 
conduction in polymers occurs by the electron hopping process proposed by 
Kaufman and co-workers30,31 whereby electron transfer proceeds as a process of 
sequential self-exchange steps between adjacent redox groups.  In the polymer 
film where the total amount of redox species must be fixed (i.e., COX + CRED = 
CTOTAL) the self-exchange rate will reach a maximum when the concentration of 
both species is equal, i.e., COX = CRED.  Hence, maximum conductivity occurs at 
Eo.  The sequential self-exchanges which give rise to the conductivity 
throughout the thickness of the film involves two processes.  Charge injection at 
the polymer electrode interface, (i.e., at a distance of around 1 nm to the 
surface.32  This is a potential-driven process and conforms to Butler-Volmer 
kinetics.15  The second process is the percolation of charge through the film 
which is (to a first approximation) driven by concentration gradients and is 
quantifiable as a quasi-diffusional process.29   
As the applied potential is increased, the concentration of Ru3+ centers within 
the film also increases.  Since electro-neutrality in the film must be maintained, 
the generation of charge at the electrode and the motion of the charge 
throughout the polymer is accompanied by the ingress and motion of charge 
compensating counter-ions into the film.  As the conductivity of the film 
increases a reduction in the RFILM is observed.   
Delamination is one possible degradation pathway for a polymer-modified 
electrode.28,33  After application of high potential, the polymer-coated electrodes 
were removed from the cell and examined visually.  It was observed that the 
polymer layer was still intact and present on the surface of the electrode.  No 
significant reduction in the surface coverage (<2%) of polymer was detected.  
The electrolyte solution was also clear with no signs of polymer particles.  Also, 
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had it been degradation of the polymer due to delamination, the capacitance of 
the electrode would increase due to decrease in thickness of the polymer film.  
The CFILM values for the [Ru(bpy)2(PVP)10]2+ film remains almost constant as 
seen in Table 3.2.  Hence, degradation of the polymer layer by delamination can 
be excluded.   
Table 3.2: Film resistance (RFILM) and film capacitance (CFILM) at different 
potentials, in diffusion control region of the Bode plot for 1% (w/v) 
[Ru(bpy)2(PVP)10]2+ film (=(4.39 ±0.06)x 10-8 molcm-2) on a 3 mm diameter 
glassy carbon electrode, 0.1 M PBS buffer (pH 7).   
Applied 
potential / V 
RFILM/M CFILM / F 
1.0 5.01±0.01 0.51±0.01 
1.08 1.99±0.01 0.54±0.03 
1.2 3.16±0.04 0.51±0.01 
1.3 2.5±0.03 0.47±0.04 
 
A decrease in RFILM is also seen when pinholes are created in the polymer film 
and the depth of these pinholes increase in response to the applied perturbation.  
Failure of the polymer layer is observed when these pinholes become so deep 
that they reach the electrode surface causing the electrolyte to seep in and 
spread.  This leads to detachment of the polymer layer from the surface of the 
electrode.28  This can be confirmed by analysing the Bode and the Nyquist plots, 
Figure 3.7 and Figure 3.8 respectively, at lower applied potentials.  The 
horizontal line observed in Figure 3.7 (1.0 V ) in the low frequency region 
represents the initial conductive pathway through the polymer layer.27,34  As the 
potential is increased to 1.2 V, we observe the horizontal line gradually 
disappears and further increase in potential leads to a peak formation.  Similar 
change was observed by Armstrong et.al.,35 for polyester films when they were 
exposed to UV radiation.  The film degraded and failed due to pinholes.   
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Figure 3.7: Bode plots recorded for 1% (w/v) [Ru(bpy)2(PVP)10]2+ film 
[=(4.39±0.06)x 10-8 molcm-2] on GCE with an A.C. sine modulation of 60 mV 
(peak amplitude), over a range of D.C. center potentials, 1.0 V (), 1.08 V (), 
1.2 V () and 1.3 V () vs. Ag/AgCl, at frequency range of 1 mHz-100 KHz, in 
pbs buffer electrolyte (pH 7).  The diffusion control (Diff.C.) and kinetic control 
(K.C) have been separated with a dotted line.   
However, the Bode plot does not give a definitive evidence of presence of pores.  
Therefore, examination of the Nyquist plot, Figure 3.8, is essential.  With the 
increase in potential, there is no appearance of a second semicircle in the 
Nyquist plot.  This second semicircle is seen only when there are pinholes in the 
film and the depth of these pinholes increases so much that it exposes the 
surface of the underlying electrode causing a new electrodeelectrolyte interface 
to be identified.27,28   
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Figure 3.8: Impedance plane plots recorded for 1% (w/v) [Ru(bpy)2(PVP)10]2+ 
film [=(4.39±0.06)x 10-8 molcm-2] on GCE with an A.C. sine modulation of 60 
mV (peak amplitude), over a range of D.C. center potentials, 1.0 V (), 1.08 V 
(), 1.2 V () and 1.3 V () vs. Ag/AgCl, at frequency range of 1 mHz-100 KHz, 
in PBS buffer electrolyte (pH 7).   
Hence, from the two plots, Bode and Nyquist, it is clear that the 
[Ru(bpy)2(PVP)10]2+ film (=(4.39±0.06)x10-8 molcm-2) shows high 
conductivity evidenced by the decrease in film resistance.  Significantly, 
its structure allows for efficient penetration of the ions and solvent 
thereby improving the rates of charge transfer.  Since the success of 
ECL sensors ultimately depends on high charge transfer of rates, this 
would result in a tremendous increase not only in signal intensity but also 
improve the sensors sensitivity.  Application of high over-potentials does 
not lead to the formation of a second semi-circle in the Nyquist plot.  
Thus, it can be confirmed that there is no breach in the continuity of the 
film and a new electrodeelectrolyte interface is not formed.  The 
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polymer layer remains intact and strongly attached to the electrode 
surface even at positive potentials.   
 
3.3.2 Fabrication of ITO array electrode 
Recent advances in genomics and proteonomics are due to the widespread 
application of microarray technology.  A microarray is a tool for analyzing protein or 
gene expression.  It basically consists of a small membrane or glass slide containing 
samples of many proteins or genes arranged in a regular pattern.36  They allow 
screening of biologically important binding events in a parallel and high 
throughput fashion.37  As most solid supports on which microarrays are built, 
are non-conductive, applications involving them are limited to fluorescence type 
assays.  ECL on the other hand is an electrochemical, two channel detection 
method where both light and current signal can be measured simultaneously.  
This type of measurement enables one to separate current signal produced by 
interferences from that produced by analyte.  The interferences may be capable 
of reducing the catalytic Ru3+ centers without creating the emitting Ru2+* or 
they may quench the Ru2+* centers by energy or electron transfer.25  By 
detecting both light and current simultaneously better selectivity may be 
obtained.  In order to perform electrochemical analysis, the solid support needs 
to be conductive.  Indium tin oxide (ITO) films have been used widely due to 
their conductive and optically transparent characteristics.38  This section 
describes the fabrication of vertically aligned, self-assembled, 25−75 nm long 
terminally carboxylated single-wall carbon nanotube (SWNT) forests on nafion 
and iron oxide decorated transparent ITO surfaces.  These platforms have been 
used for ultrasensitive detection of proteins (IgG) by a novel approach using 
G1.5 acid terminated PAMAM dendrimers as size selective protein linkers.  The 
performance of this ECL immunosensor is the topic of Chapter 6.   
In order to form these platforms, ITO electrodes were cleaned by sonicating 
them first in deionised water for 20 minutes, then in acetone for 20 minutes 
followed by sonication in chloroform for 20 minutes. 
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Electrical contact was made to cleaned ITO slide (7.5 x 1 x 0.1) cm by fixing a 
copper wire to the conducting side of the ITO with commercially available 
silver-filled conductive epoxy.  This was allowed to cure for 10 hrs.  The contact 
was made waterproof by covering it with commercially available epoxy 
adhesive.  Once cured, spots of self-assembled SWCNT arrays as shown in 
Figure 3.10 were formed on these electrodes as described in Section 3.3.4.   
 
3.3.3 Functionalization of SWCNT 
Commercially available SWCNTs were functionalized with carboxyl end groups 
according to a previously published procedure.39  Briefly, 5 mg of SWCNT were 
weighed and taken up in 5 mL of 3: 1, HNO3: H2SO4 and sonicated for 4 hrs at 
70 0C.40  These dispersions were filtered (Amicon Ultra-15, 30 kDa), 
centrifuged at 3220 rpm and washed with deionized water.  The washing step 
was repeated until the pH of the filtrate was neutral.  The sample was then dried 
and dispersed in a DMF suspension at 0.2 mg/mL and used after allowing this 
dispersion to stabilize for a week.   
 
3.3.4 Fabrication and characterization of SWCNT-ITO array sensors 
Carboxyl functionalized SWCNT dispersions which were produced as described 
above, were used to form SWCNT forest assemblies on ITO array electrodes.  A 
two well silicone separator containing 3 mm diameter wells was used as a mask 
to form SWCNT array spots.  The silicone separator was pressed tightly against 
the ITO electrode to form a waterproof seal such that there was no intermixing 
of liquids.  200 µL drop of nafion solution (1 mg/mL (9:1; methanol: water)) 
was dropped into each well and allowed to stand for 30 min.  Care was taken to 
avoid complete drying of the any solution placed in the well by covering the 
electrode with a wetted petridish.  The nafion layer results in the formation of a 
uniform negatively charged spot.40  These spots were then washed with 
deionized water and 200 µL of aqueous FeCl3 solution (pH 1.7) was dropped 
onto the nafion layer and allowed to stand for 15 min.  After 15 min the spots 
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were washed in aqueous HCl (pH< 4) to remove loosely bound Fe3+ ions, 
followed by a quick wash in DMF to remove excess water.  The HCl and DMF 
wash facilitate the transformation of Fe3+ ions into their basic hydroxide form.  
This is then followed by dropping 200 µL of aged SWCNT dispersions in DMF 
(0.2 mg/mL) prepared earlier.  The solution was allowed to stand for 4 hrs 
followed by washing with methanol and air drying.  An overall scheme 
describing the various steps followed in the fabrication of SWCNT-ITO array 
electrode is as shown in Figure 3.9.   
 
 
Figure 3.9: Schematic showing the various steps followed in the fabrication of 
SWCNT-ITO array electrode.   
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It has been reported40,41 that the initial driving force for the formation of 
vertically aligned SWNT forests originates from acid–base neutralization 
between one of the two COOH ends of the SWNT with basic Fe(OH)x+3-x (x = 1, 
2 and 3) domains.  The iron oxide domains are formed by the slow precipitation 
on nafion-adsorbed Fe3+ ions involving trace amounts of water during the DMF 
washing step.  Figure 3.10 shows an image of the drop casted SWCNT-ITO 
array electrode after air drying.   
 
 
Figure 3.10: Digital image of drop casted ITO electrode with vertically aligned 
SWCNT forests.  Spot size is 3 mm in diameter.   
It can be seen that this technique yields a very patchy and uneven SWCNT 
forest coverage.  The total number of active acid sites present on the SWCNT-
ITO array can be electrochemically determined by forming amide bonds 
between NH2 terminated [Ru(bpy)2PICNH2]2+ dye and the COOH ends of the 
SWCNT-ITO array electrode.  Conventional NHS-EDC coupling chemistry was 
used to covalently bind NH2 terminated [Ru(bpy)2PICNH2]2+ to the COOH ends 
of the SWCNT-ITO array electrode.  After coupling, the SWCNT-ITO electrode 
was washed thoroughly with deionized water to remove physisorbed ruthenium 
pic complex.  Cyclic voltammetry was then performed on this ITO sensor and is 
as shown in Figure 3.12.  The voltammograms show large currents from which 
we can infer that the SWCNT have good electronic communication with the 
ITO surface.  The total amount of coupled dye for drop casted electrode was 
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determined by integrating the area under the cyclic voltammogram peak at 1.3 
V, Figure 3.12, and substituting appropriate values in Equation 1.20.  This is one 
of the methods of directly calculating the total number of acid sites that are 
available for covalent coupling to protein on the surface of the SWCNT-ITO.  
Alternatively, ruthenium labelled antibody could also be used along with NHS-
EDC coupling chemistry.  But, the former approach avoids complications due to 
nonspecific binding of antibodies on the glass surface and hence, was chosen as 
a more accurate technique.   
With the drop cast electrodes, the total number of carboxyl sites involved in the 
covalent coupling with anti-IgG was found to be (10.8±5.8)x 10-10 molcm-2.  
The huge error of 6x10-10 molcm-2 indicates that the surface area varies a lot 
and hence, in order to have more precise control over the vertically aligned 
nanotube forest assembly, inkjet printing was tried.   
Inkjet printing technology is gaining popularity in the formation of micro 
patterned surfaces for the development of biosensors,42 DNA arrays,37 and 
protein sensor electrodes.43  It is a form of non contact deposition technique 
which is highly attractive due to its simplicity, precision and commercial ability.  
Significantly, it allows very small volume droplets i.e., 2-12 picoL, to be 
deposited on virtually any flat surface with high precision and reproducibility.  
A high degree of resolution of 1200 drops per inch (dpi) with a mean dot 
diameter of about 15-40 µm can be achieved.42  Also, as there is no physical 
contact between the print head and the printed support, spraying nanotubes 
could enable self assembly of vertically aligned SWCNT.   
Ink jet printing was performed on ITO slides instead of the layer-by-layer 
technique.  First the ITO was placed in marked locations on a graduated printer 
stage and 15 layers of nafion solution were printed on them.  The ITO was then 
removed and washed with deionized water and placed back in the exact same 
position as before.  15 layers of FeCl3 were then printed on their surface 
followed by washing with HCl and DMF.  Finally 8 layers of nanotube 
dispersion were printed (0.2 mg/mL).  The ITO slides were then removed and 
washed with methanol and air dried.  This technique resulted in uniform and 
precise pattern as shown in Figure 3.11.   
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Figure 3.11: Digital image of inkjet printed ITO electrode with vertically 
aligned SWCNT forests.  Square size is 1x1 cm2, 40 µm resolution with an 
angle of 9.1.   
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Figure 3.12: Cyclic voltammetry of drop casted ITO (▬) and inkjet printed (▬) 
vertically aligned SWCNT forests covalently bound to [Ru(bpy)2PICNH2]2+.  
Uncoupled SWCNT forests for drop coated (▬) and inkjet printed (▬) ITO and 
bare ITO (▬) are also shown.  The inset gives an enlarged view of drop casted 
SWCNT forests with and without [Ru(bpy)2PICNH2]2+.  0.01 M PBS buffer (pH 
7) was used as supporting electrolyte with 0.002 Vs-1 scan speed.   
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Significantly, ITO electrodes with inkjet printed SWCNTs had three orders of 
magnitude higher active acid sites.  For inkjet printed ITOs, surface coverage of 
covalently coupled [Ru(bpy)2PICNH2]2+ dye was found to be (1.82±0.03) 10-6 
molcm-2.   
Commercial SWCNT are often synthesised44 in the form of entangled bundles 
with a diameter distribution of 0.8-1.3 nm as seen in Figure 3.13.  The lengths of 
these bundles are typically in micrometers as seen in Figure 3.15.  For 
applications in biosensors,18 short and discrete nanotubes are required and 
hence, the nanotubes are usually subjected to solution-phase chemical oxidation 
techniques like the one mentioned in Section 3.3.3.  This technique not only 
enables shortening of nanotubes but also improves its solubility and 
functionalizes the ends of nanotubes with carboxyl groups.  Liu. et.al.,45 
suggested that oxidative shortening takes place via a two step mechanism.  The 
first being the introduction of sidewall damage followed by cutting at damaged 
sites.  A later work by Ziegler et.al.,46 suggested that during oxidative 
shortening the tubes are consumed from the ends.  Though the exact mechanism 
of tube shortening is unclear it is important to quantitatively determine the 
dimensions of SWCNT after oxidative treatment.  Raman spectroscopy is one of 
the most powerful tools to characterize carbon nanotubes without sample 
preparation.47   
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Figure 3.13: Field emission SEM image of drop casted pristine SWCNT (0.2 
mg/mL suspension in deionized water) on Si wafer.  White arrows show the 
diameter of one single nanotube.  The diameter was determined using Image J 
version 1.37d image analysis software.  The inset shows a zoomed-in image of 3 
individual single walled carbon nanotubes.   
Figure 3.14 shows the resonance Raman spectra of pristine and cut and 
functionalized SWCNT (0.2 mg/mL suspension in DMF).  The diameter of the 
nanotubes can be determined from the radial breathing modes (RBM) present in 
the Raman spectra by applying Equation 3.2.47  The RBM usually lies in the 
frequency range of 100-300 cm-1 and strongly depends on the nanotube diameter 
(d).  Its resonance effects are due to semi-conducting and metallic behaviour of 
the SWCNT.47   
B
d
A
ωRBM                                                                                                      3.2 
where, A and B are determined experimentally.  For SWCNT bundles with 
tube/tube interactions Milnera et.al.,48 obtained a value of A=234 nmcm-1 and 
B= 10 cm-1.  In this study it is assumed that pristine, cut and self assembled 
SWCNT all experience tube/tube interactions and hence, the values estimated by 
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Milnera et.al.,48 apply.  Table 3.3 gives the calculated diameter values for RBM 
for pristine and cut nanotubes.   
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Figure 3.14: Resonance Raman spectra of pristine SWCNT (0.2 mg/mL 
suspension in DMF, ), cut and functionalized SWCNT (0.2 mg/mL 
suspension in DMF, ----) drop cast on a Si wafer.  The samples were irradiated 
using laser excitation at 633 nm, 10x objective.  The relative intensity has been 
offset for clarity.   
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Table 3.3: Calculated diameters of pristine and cut and functionalized SWCNT.   
Pristine SWCNT Cut SWCNT 
RBM/ cm-1 d / nm RBM/ cm-1 d / nm 
196 1.26±0.03 196 1.26±0.07 
220 1.12±0.01 304 0.79±0.3 
260 0.94±0.04 ─ ─ 
Average 1.11 Average 1.03 
 
The spectra in Figure 3.14 show the presence of radial breathing modes for 
nanotubes after oxidative treatment.  This observation confirms that the 
oxidation procedure does not comprehensively destroy the nanotube structure.  
The spectrum also contains tangential graphite like mode (TM) characteristic of 
SWCNTs47 and observed in the frequency range of 1450- 1700 cm-1.  The 
presence of G band in the spectrum of cut tubes at 1560 (sh) cm-1 and 1595 cm-1 
also suggests that intact nanotubes are present in the sample.49  From the Table 
3.3, an average diameter of 1.11 nm is obtained for pristine and 1.03 nm for cut 
and functionalized SWCNT.  No significant change in the diameter of the tubes 
is observed and hence, it can be assumed that the oxidative shortening takes 
place via the two step mechanism suggested by Liu et.al.45   
The D band or the defect band is typically observed between 1250 and         
1450 cm-1 and originates from the first order scattering by in-plane hetero-
atoms, grain boundaries, vacancies or other defects.39  The cut and 
functionalized SWCNT show large D: G ratio compared to pristine SWCNT 
suggesting that there is a substantial increase in the number of defects after 
oxidation.   
The nature of the TM peaks at 1560 (sh) cm-1 and 1595 cm-1 after oxidation 
provides information about the electronic structure of the tubes.  A strong peak 
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for cut tubes at 1595 cm-1 suggests that the cut tubes are predominantly semi-
conducting.50  The appearance of a shoulder at 1560 cm-1 suggests that there is 
also a weak contribution from metallic tubes.51   
Having determined the diameter of the nanotubes using Resonance Raman 
spectroscopy, the length of the SWCNT after oxidative treatment can be 
determined from TEM images using IMAGEJ software and the length contours 
of cut SWCNT were individually traced as shown in Figure 3.16 and measured.  
Figure 3.17 shows the histogram of all the nanotubes measured.  From the 
histogram it is evident that the majority of the nanotubes are around 25-75 nm in 
length.   
 
 
Figure 3.15: TEM image of pristine un-functionalized SWCNT.   
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Figure 3.16: TEM image of cut and COOH functionalized SWCNT after 
oxidative shortening of commercial SWCNT in 3: 1, HNO3: H2SO4 for 4 hrs at 
70 0C.  Black arrows show the length of individual SWCNT.  SWCNT were 
measured individually using IMAGE J software by tracing out the length 
contours.  One such measurement is shown in the form of white line with black 
circles.   
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Figure 3.17: Length distribution for SWCNT after oxidative treatment from 
TEM images.  Commercially available and un-functionalized SWCNT were 
shortened using 3: 1, HNO3: H2SO4 for 4 hrs at 70 0C.  Lengths of SWCNT 
were measured from the TEM images, individually using IMAGE J software by 
tracing out the length contours.   
The self assembled vertically aligned SWCNT forests formed as described in 
Section 3.3.4, were also investigated using atomic force microscopy (AFM).  
Figure 3.18 shows the AFM image of SWCNT forest formed on ITO electrode 
by drop casting method.  The AFM image shows that uniform coverage is not 
obtained on the surface rather; small islands of vertically aligned CNTs are 
formed.  The height of the self assembled CNTs from AFM image is also found 
to be between 50-70 nm.  However, Figure 3.19 shows an AFM image of an 
inkjet printed ITO electrode.  It can be clearly seen that a dense and uniform 
SWCNT forest coverage is obtained.  As the printer head prints line by line to 
form 1x1 cm2 square, due to the set resolution of the printer a banded 
appearance on the ITO is seen.  This is also observed when the substrate is 
inspected by naked eye as shown in Figure 3.11.  However, from the AFM 
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image, Figure 3.15, it is clear that this lined appearance does not drastically 
affect the coverage as vertical nanotubes can be seen in both regions.   
 
 
Figure 3.18: Tapping mode atomic force micrograph of self assembled, 
vertically aligned SWCNT forests formed on ITO electrode by drop casting.  A 
commercial non-conductive silicone nitride cantilever was used.   
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Figure 3.19: Tapping mode atomic force micrograph of self assembled, 
vertically aligned SWCNT forests formed on ITO electrode by inkjet printing 
method.  A commercial non-conductive silicone nitride cantilever was used.   
The primary antibody, anti-IgG (Ab1) was attached onto the surface of the 
SWCNT forest using conventional NHS N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC) chemistry.52  30 µL of freshly prepared 
NHS-EDC solution (1:10 ratio in 1 ml PBS buffer (pH 7)) was placed onto the 
vertically aligned SWCNT spots and washed off after 10 minutes.  This was 
immediately followed by a 3 hrs incubation at 37C with 20 µL of 5 mg/mL Ab1 
in PBS buffer (pH 7) containing 0.05% Tween-20.  The electrodes were then 
washed with 0.05% Tween-20 and PBS buffer.  This anti-IgG SWCNT -ITO 
sensor was then treated with 20 µL of 5% casein + 0.05% Tween-20, followed 
by washing with 0.05% Tween-20 and PBS buffer for 20 minutes.  The casein 
wash was essential to block non-specific binding (NSB) to obtain a sensitive 
response.  Figure 3.20 shows AFM images of SWCNT immunosensor with anti-
IgG covalently attached to the carboxyl sites of the vertical nanotubes.  The 
sensor was formed by inkjet printing.  It can be clearly seen that the spiky forest 
appearance is lost and a globular coating, generally reminiscent of protein 
coatings41 is observed.  Moreover, a four fold increase in domain height is also 
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observed after covalent coupling on anti-IgG.  Wide area views showed that 
there were also regions of uncoated SWCNT forests.   
 
 
 
 
Figure 3.20: Tapping mode atomic force micrograph of self assembled, 
vertically aligned SWCNT forests formed on ITO electrode by the inkjet 
printing method.  A commercial non-conductive silicone nitride cantilever was 
used.   
Thus, by printing the carbon nanotubes, high degree of precision, control and 
active acid sites were obtained.  The coverage was uniform even though banding 
due to the resolution of the printer could still be seen, and the method was found 
to be very reproducible.  The standard error, defined as standard deviation / 
number of trials, on the surface coverage was found to be only  0.03 molcm-2.   
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3.3.5 IgG-G1.5-[Ru(bpy)2PICH2] bio-conjugate: Fabrication and 
characterization   
Particle based assays are widely used as signal enhancement tools as they offer a 
large surface area for the attachment of biomolecules.13  Metal1 and silica 
nanoparticles53 have been shown to decrease detection limits down to 0.5 
picogmL-1 for prostate specific antigen and 2.98 nM for TPA respectively.  
Commercially available amine functionalized silica nanospheres were decorated 
with the [Ru(bpy)2PICH2]2+ complex in order to achieve ECL signal 
enhancement.   
Commercially available amine functionalized silica nanospheres of 800 nm 
diameter were coated with [Ru(bpy)2(PICH2)]2+ using conventional NHS-EDC 
coupling chemistry.52  Firstly, 500 µL of 2 mg/mL silica nanospheres were 
washed by centrifuging at 3000 RPM in 10 mM PBS buffer (pH 7).  Then a 1:10 
molar ratio of NHS: EDC solution was freshly prepared in 1 ml of 10 mM PBS 
buffer (pH 7).  To this solution, 1 mM of [Ru(bpy)2(PICH2)]2+ was added and 
allowed to stir for 5 minutes.  Once the acid groups of the dye were activated, 
the amine functionalized silica nanospheres were added.  This was allowed to 
stir for 4 hrs, and then washed with 10 mM PBS (pH 7) by centrifuging at 3000 
RPM.  The washing step was repeated till the supernatant turned colourless.  
The ruthenium coated spheres, as shown in Figure 3.23 (A), were suspended in 
1 mL of 10 mM PBS (pH 7) and stored at 4oC until further use.  Figure 3.21 (A) 
shows confocal images of ruthenium coated spheres.  It is clear from the 
confocal image, Figure 3.21 (B), that only the spheres emit when excited with a 
458 nm laser.   
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Figure 3.21: Fluorescence microscopy image of 500 µL of 2 mg/mL, 800 nm 
silica nanospheres coated with 1mM [Ru(bpy)2(PICH2)]2+ (A).  5 µL of the 
coated spheres were drop casted on a glass slide and excited with 458 nm laser, 
60 x magnification.  The fluorescence Image (A) was split into two channels 
such that Image (B) represents the channel with only fluorescence emission 
from the spheres whereas Image (C) represents the channel with only the 
reflectance image.   
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In order to determine the total concentration of ruthenium covalently bound to 
the surface of the silica nano particles, UV-vis absorption spectroscopy was 
performed.  First, the total number of nanospheres in 3 mL of 2 mg/mL 
commercially available nanosphere suspension was calculated using Equation 
3.3.54   
3
S
L
10
dπρ
Sρ106
N

                                                                                                  3.3 
where, N is the number of nanospheres/mL (3.64x1012) of suspension, S is the 
weight% solids i.e. 5 for 5% solid suspension, L is the density of nanosphere 
suspension (0.039 g/mL) and was calculated using Equation 3.454, S is the 
density of solid sphere (2x10-3 g/cm3) and d is the mean diameter in µm (0.8 
µm).  N was found to be 10.9x1012 spheres/mL.   
 )(100ρ)ρ-S(1
ρ100
ρ
SS
S
L 

                                                                                    3.4 
The total number of charge groups/ nanosphere can be calculated using Equation 
3.5 where, P is the occupied area in Å2, given by Equation 3.6 and DC is the 
surface charge density.  Given Dc for 0.8 µm spheres is 2 nmol/mg, 
(specification provided by Bangs Laboratories, Inc), Equation 3.5 and Equation 
3.6 yield parking area or surface charge density P=311.3 Å2 and charge groups 
per nanosphere CM= 645.9x103.   
dρ1.004D
1P
SC
                                                                                                  3.5 
P
10πdC
82
M                                                                                                       3.6 
Thus, ideally 10.9x1012 spheres have a maximum of 7.1x1018 surface charge 
groups i.e., roughly 11.7 µmol of [Ru(bpy)2(PICH2)]2+ dye molecules.  The 
degree of coating on the micro spheres can be confirmed using UV-vis 
absorption spectroscopy.  Figure 3.22 shows the absorption spectrum of 15 µM 
[Ru(bpy)2(PICH2)]2+ dye (black line) and the spectrum of 1 mL of 2 mg/mL 
[Ru(bpy)2(PICH2)]2+ coated nanospheres (red line) in PBS buffer (pH 7) 
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respectively.  Care was taken to minimise settling of the spheres by agitating the 
solution and quickly measuring the UV spectra.  The spectrum of 
[Ru(bpy)2(PICH2)]2+ coated nanospheres appears to be rather noisy.  It is most 
likely due to the scattering of incident light by the nanosphere suspension.   
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Figure 3.22: Background corrected absorption spectra of 15 µM 
[Ru(bpy)2(PICH2)]2+ (▬) and 1 mL Ru(bpy)2(PICH2)]2+ coated, 800 nm, amine 
functionalized silica nanospheres (▬) in PBS buffer (pH 7).  Quartz cuvette of 1 
cm path length with 20 nm slit width was used.   
Using Beer –Lamberts law, Equation 3.7, the total concentration of ruthenium 
present on the surface of 1 mL of 2 mg/mL spheres was calculated to be 
10.6±0.2 µmol.   
A=lC                                                                                                                 3.7 
where, A is absorbance,  is extinction coefficient in M-1cm-1 , l is the path 
length in cm and C is the concentration of absorbers in M.   
In order to couple secondary antibody i.e., IgG to the ruthenium coated spheres, 
20% G1.5 acid terminated PAMAM dendrimers were activated along with 400 
µL of 25 mg/mL ruthenium coated spheres using EDC: NHS coupling 
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chemistry.52  To this 200 µL of 10 mg/mL IgG was added and stirred for 4 hrs.  
The G1.5 dendrimer has a total of 16 sites.55  It is expected that some of these 
sites will be involved in coupling with IgG, whereas others will couple to the 
remaining amine sites on the silica spheres, as shown in Figure 3.23 (D).  These 
were then washed and suspended in 1 mL PBS (pH 7).   
G1.5 acid terminated PAMAM dendrimers were chosen for binding IgG to 
spheres because they have COOH ends and it has been previously shown that 
the best interaction between a dendrimer and a protein will occur when they 
have similar interfacial /addressable area.56  G1.5 acid terminated PAMAM 
dendrimers have flexible structures and their carboxylate terminals can interact 
with a positive surface across their full diameter.  The surface area that each 
dendrimer can address is roughly 80 nm.  Chiba. et.al.,56 have also shown 
experimentally that even though larger dendrimers possess larger surface area 
for binding of proteins, they bind weakly to their protein targets due to increased 
surface crowding and rigidity.  Therefore, in order in achieve efficient binding; 
the size of the dendrimer should be optimized depending on the protein target.  
In this study, though different dendrimer sizes were not explored, G1.5 
dendrimer was chosen because it possesses similar interfacial area56 to that of an 
IgG molecule.   
In order to determine the number of antibodies attached to each sphere,UV- vis 
absorption spectroscopy was used and Cy-5 labelled IgG were coupled to G1.5 
dendrimer (Figure 3.23 (C)) instead of unlabelled IgG and the same procedure 
as stated earlier, was followed.  Care was taken to minimise settling of the 
spheres by agitating the solution and quickly measuring the UV spectra.  The 
Cy-5-IgG-G1.5-[Ru(bpy)2PICH2]2 bio-conjugate is as shown in Figure 3.23 (E).   
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(A) 
 
(B) 
 
(C) 
 
(D)                                                                 (E) 
                
Figure 3.23: Schematic showing various labels and bio-conjugates synthesised.  
[Ru(bpy)2PICH2]2+ coated silica spheres (A), IgG antibody labelled G1.5 
PAMAM dendrimer (B) Cy-5 labelled antibody coated G1.5 PAMAM 
dendrimer (C), IgG-G1.5-[Ru(bpy)2PICH2] bio-conjugate (D) and Cy-5-IgG-
G1.5-[Ru(bpy)2PICH2] bio-conjugate (E).   
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Figure 3.24 shows the absorption spectrum of commercial Cy-5 dye labelled 
IgG (black line) and 1 mL of Cy-5 labelled IgG coupled to [G1.5 dendrimer-
ruthenium nanosphere] bio-conjugate (red line), respectively.   
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Figure 3.24: Background corrected absorption spectra of 5µM Cy-5 labelled 
IgG, with dye: protein ratio of 3 (▬) and Cy-5 labelled IgG-[G1.5 dendrimer-
Ru(bpy)2(PICH2)]2+ coated, 800 nm silica nanosphere] bio-conjugate (▬) in 
PBS buffer (pH 7).  Quartz cuvette of 1 cm path length and 20 nm slit width was 
used.   
The UV spectra shows that the peak at 650 nm shifts slightly to 655 nm and 
additional peaks at 400 nm, 430 nm and a broad peak at 470 nm appear, after 
coupling with nanospheres.  This slight shift in the peak at 650 nm could be due 
to surface confinement of the Cy-5 labelled IgG.  It is known that the UV 
absorption peak of nanospheres and conjugated polymers shift towards blue or 
red region when their microenvironment is perturbed.9, 57  Also this spectrum 
appears noisy just like Figure 3.22 due to the scattering of incident light by the 
non-transparent nanosphere suspension.  The extinction coefficient  for 
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commercial Cy-5 dye58 is given to be 250000 M-1cm-1 with a dye: protein ratio 
of 3 and molecular weight of IgG is 150 kDa (2.5x10-19 g).  From the UV 
spectrum, Figure 3.24, the Cy-5 concentration on 1 mL of 25 mg/mL ruthenium 
coated silica spheres was found to be 1.3 µM (1.3x10-9 mol).  Thus, taking dye 
to protein ratio under consideration the concentration of IgG on 3.64x1012 
ruthenium coated nanospheres was calculated to be to be 0.44 nmol (440 nM).  
The coupling efficiency52, 59 (IgG) can be determined by comparing the amount 
of protein in the reaction solution prior to coupling to the amount of protein left 
in solution after coupling.  Thus IgG 52 is given by Equation 3.8: 
(IgG)=Conc. of (Cy-5-IgG left AFTER COUPLING)/ Conc. of (Cy-5-IgG added)    3.8 
(Cy-5-IgGTOTAL)=(Cy-5-IgGBOUND)-(Cy-5-IgGUNBOUND )                                 3.9 
(IgG)=(Cy-5-IgGTOTAL-Cy-5-IgG BOUND)/(Cy-5-IgGTOTAL)                            3.10 
Substituting the values obtained from the UV-vis absorption spectra, Figure 
3.24, coupling efficiency was calculated to be 74%.   
The surface area of a 800 nm sphere is calculated to be 8.04x106 nm2.  It is 
know from Section 3.3.5, that the concentration of IgG on 3.64x1012 ruthenium 
coated nanospheres is 440 nM.  This implies that there are roughly 73 molecules 
of IgG on a single ruthenium coated sphere containing G1.5 dendrimer.  The 
projected area of a single human IgG molecule depends on its configuration at 
the interface.60  In an end-on configuration the area is 20 nm2 whereas with side-
on, its 103 nm2.  Thus 73 IgG molecules per silica sphere is a clearly an 
overestimation of the actual numbers present.  The presence of high IgG 
numbers could be partly attributed to the presence of G1.5 acid terminated 
dendrimers.  It has been previously shown56 that G1.5 acid terminated PAMAM 
dendrimer have flexible structures.  The flexibility of smaller dendrimers allows 
them to “stretch” or “squeeze” onto or into protein surfaces which allows each 
dendrimer to be able to address an area, referred to as the addressable area, of 80 
nm2.56  Thus the dendrimers tend to not only act as protein linkers, linking the 
IgG to the surface of the nanospheres but also help to increases the number of 
contact points for the IgG on the nanosphere surface.  However, this alone 
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cannot account of the high IgG numbers.  It is important to note that these 
calculations are based on UV-vis absorption spectroscopy technique.  Though it 
is widely used and is precise when dealing with fluorescent liquid samples, it is 
not the best method to be used when dealing with colloidal suspensions.  The 
presence of non-transparent nanospheres and their orientation during 
measurement, shielding of light due to the presence of proteins attached to the 
sphere surfaces and settling of the spheres during measurement all introduce 
errors.  However, the above calculated values are used in this thesis assuming 
the contribution of these errors to the final ECL assay is minimal.   
 
3.4 CONCLUSIONS 
The fabrication and characterization of various substrates used in this thesis has 
been described in detail in this chapter.  [Ru(bpy)2(PVP)10]2+ film electrodes 
have been successfully developed and the polymer layer, characterized using 
profilometry, cyclic voltammetry and A.C. impedance.  The thickness of the 
films was found to be around 0.8±0.2 µm with DCT being              
(4.48±0.2)10-11 cm2s-1.  Cyclic voltammetry was used to determine the surface 
coverage () which was found to be (4.390.06)x 10-8 molcm-2.  A.C. 
impedance studies show that the films allow efficient penetration of ions and 
stay attached to the electrode surface even at positive potentials.  These films 
have been extensively used in Chapter 5 for modulated potential studies.  
Pristine SWCNT were successfully functionalized with carboxyl groups and 
characterized by TEM and resonance Raman microscopy.  The average length 
of the cut and functionalized nanotubes were determined to be 50-70 nm.  
Fabrication of vertically aligned SWCNT forests on ITO electrodes has also 
been described in this chapter.  As drop casting proved inefficient with regard to 
uniform forests being formed, inkjet printing was employed instead.  Inkjet 
printing resulted in 3 orders of magnitude increase in the number of active acid 
sites involved in covalent coupling.  The forests were characterized using AFM 
and cyclic voltammetry.  Finally, IgG-G1.5-[Ru(bpy)2PICH2]2+ bio-conjugates 
were synthesised with a labelling efficiency of 74%.  Using the Beer –Lambert 
law, the total concentration of ruthenium present on the surface of 3 mL of 2 
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mg/mL silica nanospheres was calculated to be (10.6±0.2) µmol.  These 
carboxyl functionalized SWCNT forest platforms and ruthenium dye coated 
silica nanospheres are used for bioassay studies in Chapter 6 where pico molar 
detection of secondary antibodies (IgG) is achieved.   
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CHAPTER IV 
OXIDATIVE ELECTROPOLYMERISATION OF 
RUTHENIUM AMINO PHENANTHROLINE 
COMPLEXES 
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4.1 INTRODUCTION  
Films of functional polymers play pivotal roles in diverse areas ranging from 
advanced sensors to reactive coatings and displays.1,2  Incorporating transition 
metal complexes within these coatings are desirable because of their redox, 
catalytic and optical properties.3-5  Moreover, the metal complex can sometimes 
simultaneously fulfil several roles.  For example, complexes of the type 
[M(aphen)nbpym]2+, where M is Ru, Os, Co or Fe, n=2,3 and m=1,0 have the 
potential to covalently bind an enzyme through peptide bond formation, shuttle 
electrons to the active site and produce an interfacial polymer film through 
oxidative electropolymerisation of the amino functionality.  The resulting films 
are superior to those involving an electrostatically immobilized luminophore in 
a polymer such as Nafion where leaching from the film can occur over time.  
Hence, they are very attractive for creating biosensors.  Moreover, 
electropolymerisation has the advantage that it enables in situ production of thin 
and stable films of controlled thickness.6-9  For example fundamental studies on 
amino-phenanthroline polymers have been previously reported by others for 
ruthenium,10 iron11 and osmium12 complexes.   
The 5-NH2 –1, 10- phenanthroline ligand (aphen) is especially attractive for 
electropolymerisation as it provides both a readily oxidizable amino moiety and 
a metal coordination site.  Studies investigating the electrochemical film 
forming ability of this compound with other transition metal complexes showed 
that, of the various transition metals, RuII and FeII were the best in regard to the 
electroactivity of the film and its surface coverage.12-15  Also, Bachas et.al.,12 
have shown that electroactive film growth only occurs when both metal center 
and the amine group are present and without the initiation of the 
electropolymerisation reaction by the amine group of the ligand, no film growth 
is observed.  They state that as RuII has redox potentials close to that of the 
amine oxidation potential of the ligand (+1.35 V vs. Ag/AgCl),12 
electropolymerisation of this complex is very effective.  The metal center serves 
as the means to transport the electrons between the polymer film and the surface 
of the electrode.   
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In this chapter, the electrodeposition of [Ru(aphen)2bpy]2+  and [Ru(aphen)3]2+ 
from aqueous sulphuric acid and acetonitrile where aphen is 5-amino-1,10-
phenanthroline and bpy is 2,2’-bipyridine, is reported.  These complexes are 
interesting to study as this arrangement of ligand amino groups effectively 
ensures that the film growth can occur in all directions rather than unidirectional 
mode of growth.  Hence, a highly crossed linked polymer containing dispersed 
metal redox centers can be obtained.  Another impressive advantage of these 
types of metal-ligand complexes is that the amine linkages can be used to attach 
antibodies, amino acids or proteins to the surface of the electroactive polymer 
film, forming an excellent method of biological immobilization.  This is because 
not all the amino groups are used in coupling and are available for biomolecule 
binding.  Furthermore, it is known that the ECL characteristics of the transition 
metal complex strongly depend on the metals–ligand interactions and it is 
possible to tune the ECL properties by introducing ligands with different donor 
abilities to metal complexes.   
Hence, oxidative electropolymerisation has been employed to form electroactive 
films in both aqueous and organic media.  Scanning electron microscopy (SEM) 
was performed to study the morphology of the two films deposited in 
acetonitrile and sulphuric acid.  Moreover, these electrodeposited films were 
also investigated for electrochemiluminescence (ECL) in the presence of 
tripropylamine (TPA) and sodium oxalate as co-reactant.  The various 
electrochemical, photophysical and ECL properties and pH dependency results 
of the electropolymerised ruthenium films have been investigated and are 
reported. 
 
4.2 EXPERIMENTAL 
4.2.1 Apparatus 
Electrochemical measurements were carried out with a CH instruments, model 
660 Potentiostat.  Cyclic voltammetry was conducted using a typical three-
electrode cell.  An aqueous or non-aqueous Ag/AgCl electrode was used as 
reference depending on the solvent and a platinum wire was used as a counter 
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electrode.  The electrodes used were first polished with 0.3 m alumina for 10 
min, rinsed thoroughly with deionized water and then polished again for 10 min 
with 0.05 m alumina.  After polishing, the electrodes were thoroughly rinsed, 
first with deionized water and then with acetone to remove all traces of alumina 
from the surface and dried under nitrogen stream.  All potentials are quoted 
versus an Ag/AgCl reference electrode, and all measurements were made at 
room temperature.   
ECL measurements, utilized an Oriel 70680 photo multiplier tube (PMT) 
equipped with a high voltage power supply, (Oriel, model 70705), which was 
used at a bias of -850 V, and amplifier / recorder (Oriel, model 70701).  During 
experiments, the cell was placed inside a specially constructed holder, which 
positioned the working electrode in a reproducible manner directly opposite the 
face of a fiber optic bundle, the other end of which was coupled to the PMT.   
The morphology of the electropolymerised films were investigated using the 
Hitachi S-3000N scanning electron microscope.  Image analysis was carried out 
using Image J version 1.37d image analysis software.   
 
4.2.2 Materials 
All chemicals and solvents were purchased from Sigma Aldrich and were of 
analytical grade.  All solutions were made using deionized water purified with a 
Milli-Q plus 18.5 M Millipore installation.  The solvents used for 
spectroscopic measurements were of HPLC grade.  All deposition solvents were 
deaerated for 20 min using nitrogen prior electrodeposition.  The surface 
coverages were estimated by integration of charge under slow sweep rate ( < 
0.01 Vs-1) in the deposition solvent in the absence of the metal complex.   
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4.2.3 Oxidative electropolymerisation  
4.2.3.1 In acetonitrile  
Films were deposited from a 1.5 mM solution of [Ru(aphen)2bpy]2+ or 1.0 mM 
solution of [Ru(aphen)3]2+ (i.e., 3 mM of polymerisable amine groups) dissolved 
in HPLC grade anhydrous acetonitrile using 0.1 M tetrabutylammonium-
tetrafluoroborate (TBATFB) as the supporting electrolyte on a 3 mm diameter 
glassy carbon electrode at a scan speed of 0.1 Vs-1 for 10 cycles.  Activated 
alumina (5 mg) was added to the acetonitrile to ensure removal of trace water 
from the electrolyte solution.   
 
4.2.3.2 In aqueous sulphuric acid 
Similarly, films from 2 mM solution of [Ru(aphen)2bpy]2+ and 1.33 mM 
solution of [Ru(aphen)3]2+ (i.e., 4 mM of polymerisable amine groups) dissolved 
in HPLC grade 0.5 M sulphuric acid, pH 0.3 were also deposited on 3 mm 
glassy carbon electrode at a scan rate of 0.1 Vs-1  and 60 cycles.   
 
4.3 RESULTS AND DISCUSSIONS 
The electropolymerised films prepared as described in Section 4.2.3 were 
characterised using cyclic voltammetry, UV-Vis spectroscopy, resonance 
Raman spectroscopy and SEM.  In order to perform UV-Vis and Raman 
measurements the polymer films were dissolved off the electrode surface using 
prolonged sonication in acetonitrile and sulphuric acid.  The results comparing 
the monomers described in Chapter 2, Section 2.3.1.1 and 2.3.1.2, to the 
electrochemically synthesised polymers are summarized below.   
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4.3.1 Electrochemical characteristics of films 
Figures 4.1 illustrates the effect of repeated voltammetric cycling of a 1.5 mm 
radius glassy carbon electrode immersed in a 1.5 mM solution of 
[Ru(aphen)2bpy]2+ dissolved in 0.1 M acetonitrile with TBATFB as supporting 
electrolyte.  Consistent with previous reports,10,11 this figure shows that two 
oxidation processes are observed during the first scan.  These correspond to 
irreversible oxidation of the 5-amino-1,10-phenanthroline ligand at 
approximately +0.85 V8,14 and the electrochemically reversible Ru2+/3+ couple at 
+1.02 V.  The presence of the pre-peak implies that electropolymerisation 
occurs when the amino phenanthroline ligand is oxidized.  This result suggests 
that the electro-oxidation of the amine containing compound proceeds via the 
one-electron oxidation of the amine functionality10,16 to its corresponding cation 
radical, as shown in Scheme 1.  This species subsequently forms a carbon-
nitrogen linkage at the glassy carbon surface.   
Scheme 1. 
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Figure 4.1: Interfacial electropolymerisation from a 1.5 mM solution 
[Ru(aphen)2bpy]2+  on a 3 mm diameter glassy carbon electrode for 10 scans at a 
scan rate of 0.1 Vs-1.  The deposition medium was 0.1 M CH3CN/TBATFB.   
Significantly, for [Ru(aphen)2bpy]2+, the peak current associated with the Ru2+/3+ 
couple increases modestly with an increasing number of voltammetric scans.  
However, the rate of growth rapidly decreases between successive scans.  The 
increase in the peak current density is indicative of the formation of a redox 
active electropolymerised film on the electrode surface.  However, the 
deposition efficiency decreases as the film grows.  This may be due to the 
decrease in the rate of homogeneous charge transport through the film as the 
film thickness increases.  Under these conditions, the rate of oxidation of the 
ruthenium complex at the interface becomes progressively slower and the rate of 
film deposition decreases.   
Figure 4.2 shows that the behaviour of [Ru(aphen)3]2+ under repeated cycling is 
slightly different when compared to [Ru(aphen)2bpy]2+ under similar conditions.   
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Figure 4.2: Interfacial electropolymerisation from a 1.0 mM solution of 
[Ru(aphen)3]2+ on a 3 mm diameter glassy carbon electrode at a scan rate of 0.1 
Vs-1, for 10 cycles.  The deposition medium was 0.1 M CH3CN/TBATFB.   
In Figure 4.2, no distinct pre-peak corresponding to the oxidation of aphen is 
observed, but there is a significant increase in the peak current density at +1.05 
V, which is associated with the electrochemically reversible Ru2+/3+ couple.  The 
absence of the pre-peak does not necessarily signify that there is no oxidation of 
the amino phenanthroline ligand but it could be due to a smaller difference in 
energies between the oxidation of amino phenanthroline ligand and oxidation of 
Ru2+ species.   
Similar to previous reports,12 significantly larger anodic charge compared to the 
cathodic charge is observed which suggests that both irreversible ligand 
oxidation and reversible metal center oxidation are involved.  With the increase 
in the number of voltammetric scans, the half wave potential also shifts to a 
more positive value.  Similar results were obtained by Belanger et.al., for 
polypyridyl compounds of iron with amino phenanthroline ligand.8   
After 10 scans at 0.1 Vs-1, the electrode was removed from the cell and 
inspected visually.  It revealed a reddish orange film, which remained even after 
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thorough rinsing with deionized water.  Once the electrode was removed and 
thoroughly rinsed, it was transferred to a cell containing blank electrolyte 
solution (i.e., 0.1 M CH3CN with TBATFB as supporting electrolyte).  Figure 
4.3 shows that a persistent voltammetric response associated with the Ru2+/3+ 
couple was observed after electrodeposition of [Ru(aphen)2bpy]2+, suggesting 
that a redox active film was formed on the electrode.   
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Figure 4.3: Voltammetric behaviour following electrodeposition, of 
[Ru(aphen)2bpy]2+ (▬), in blank 0.1 M CH3CN/TBATFB after 10 cycles.  The 
scan rate is at 0.1 Vs-1.  Blank GCE in 0.1 M CH3CN/TBATFB is given by (▬).   
A similar behaviour was observed with tris amino phen complex.  Figure 4.4 
shows that a persistent voltammetric response associated with the Ru2+/3+ couple 
is observed.   
Unusual sharp amine pre peaks are observed in Figure 4.2 and Figure 4.4.  
Similar peaks were observed by Calzón et.al. for oxidation process induced by 
2-mercaptopyrimidine at mercury electrodes.55  The sharp peaks are attributed to 
high concentration of 2-mercaptopyrimidine and are considered to be non-
faradaic, corresponding to transition between the surface phases due to electro 
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oxidation product.  [Ru(aphen)3]2+ contains more amines compared to the bis 
compound and the sharp pre peaks are observed only for [Ru(aphen)3]2+.  Hence 
this sharp pre peak observed in Figure 4.2 and Figure 4.4 could be attributed to 
high amine concentration in  the [Ru(aphen)3]2+ compound and non- faradaic 
transition between surface phases due to oxidative electropolymerisation.     
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Figure 4.4: Voltammetric behaviour following electrodeposition, of 
[Ru(aphen)3]2+ (▬), in blank 0.1 M CH3CN/TBATFB after 10 cycles at scan 
rate 0.1 Vs-1.  Blank GCE in 0.1 M CH3CN/TBATFB is given by (▬).   
In order to check if increasing the number of scan cycles would increase the 
thickness of the film formed, keeping the [Ru(aphen)2bpy]2+concentration 
constant, the number of scans cycles was increased.  Each time, after the set 
number of scans, the electrode was removed from the cell, thoroughly washed 
and placed in a cell containing blank electrolyte.  The surface coverage of the 
electrodeposited film, in each case, was determined at 0.01 Vs-1 using Equation 
1.20.   
It can be clearly seen from Figure 4.5, increasing the number of cycles from 5 to 
10, increases the amount of electrodeposited [Ru(aphen)2bpy]2+ on the glassy 
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carbon electrode.  This is indicated by the increase in the peak current density at 
+1.02 V.  The various surface coverages obtained for different scan numbers is 
given in Table 4.1.  However, increasing the number of cycles further to 15 and 
20 does not show any measurable increase in the peak current or the surface 
coverage of ruthenium.   
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Figure 4.5: Voltammetric behaviour following electrodeposition of 
[Ru(aphen)2bpy]2+ on 3 mm diameter glassy carbon electrode in blank  0.1 M 
CH3CN/TBATFB, after 5 (▬), 10 (▬), 15 (▬) and 20 (▬) scan cycles at a 
scan rate of 0.1 Vs-1.   
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Table 4.1: Apparent film coverages and peak currents for the oxidative 
electropolymerisation of [Ru(aphen)2bpy]2+ with different number of scan 
cycles and scan rate () 0.1 Vs-1.  Surface coverages were estimated by the 
integration of charge under slow sweep rate in the deposition solvent in the 
absence of the metal complex.   
Scan cycles iPc / A iPa/ A / nmolcm-2 
5 0.13 2.3 293 
10 0.22 5.5 374 
15 0.22 5.5 367 
20 0.21 4.6 323 
 
Galicia-Luis et.al.,18,19 and Gomez-Hernandez19 were able to establish that the 5 
aphen ligand was fully protonated at pH < 0.9.  According to the authors, this 
was the species responsible for the growth of the film formed during to 
electropolymerisation yielding best features and good stability.20  This was the 
reason a very low pH range (i.e., pH 0.2-0.3) was chosen for the present study.   
In sharp contrast to the behaviour observed in acetonitrile, Figure 4.6 and 4.7 
show that in aqueous sulphuric acid the voltammetric response for both 
[Ru(aphen)2bpy]2+ and [Ru(aphen)3]2+, are irreversible.  For [Ru(aphen)2bpy]2+, 
oxidation and reduction peaks are observed at +1.6 V and +0.6 V and for 
[Ru(aphen)3]2+ at +1.5 V and  +0.5 V, respectively.  The value of iPa/iPc for both 
these complexes lies in the range of 0.20-0.40 compared to the expected value of 
unity for a reversible response.  Significantly, the response does not approach 
ideality at slow scan rates.  This suggests that slow heterogeneous electron 
transfer is not the origin of the irreversibility but rather arises because of a 
following chemical reaction.  This is also supported by the fact that during 
polymerisation, the growth cycles are characterised by an enhanced Ru(II) 
 146 
oxidation current and a diminished Ru(III) reduction current suggesting that 
there may be some catalytic electrochemical/chemical  reaction sequence taking 
place.17   
Though a definitive conclusion cannot be reached with the data in hand, the 
most likely explanation would be that the pKa of the amino phenanthroline 
functionalities depends on the oxidation state of the ruthenium centre.  A change 
in protonation state upon electron transfer will change the electron density on 
the ruthenium thus causing the half-wave potentials for oxidation and reduction 
to be very different from one another.21,22  However, this issue has not been 
investigated in detail for metal complexes although it has been reported that 
addition of a few drops of concentrated sulphuric acid to a solution of 
[Ru(bpy)2(aphen)]2+ in phosphate buffer eliminated the oxidation peak 
associated with aphen oxidation and inhibited film formation.23   
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Figure 4.6: Interfacial electropolymerisation from a 1.5 mM solution 
[Ru(aphen)2bpy]2+  on a 3 mm diameter glassy carbon electrode, at a scan rate of 
0.1 Vs-1.  A total of 60 scanning cycles were applied and the deposition medium 
was aqueous 0.5 M H2SO4 (pH 0.3).   
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Figure 4.7: Interfacial electropolymerisation from a 1.0 mM solution 
[Ru(aphen)3]2+ on a 3 mm diameter glassy carbon electrode at a scan rate of 0.1 
Vs-1.  A total of 60 scanning cycles were applied and the deposition medium was 
aqueous 0.5 M H2SO4 (pH 0.3).   
After 60 scans at 0.1 Vs-1 the electrodes were removed from their respective 
cells, rinsed thoroughly with deionized water and transferred to a cell containing 
blank electrolyte solution (0.5 M H2SO4, pH 0.3).  The presence of a persistent 
voltammetric response associated with the Ru2+/3+ couple is observed, as shown 
in Figure 4.8 and 4.9, suggesting that redox active films are formed on the 
electrode surfaces in both cases.  However, the response of the films is not 
consistent with that expected for a surface-confined species undergoing a 
reversible one-electron transfer reaction.  For example, the ratio of anodic to 
cathodic current (iPa/iPc) for [Ru(aphen)2bpy]2+ and [Ru(aphen)3]2+, lies in the 
range of 0.2-0.4 compared to the value of unity expected for a reversible 
response.  The charge passed under the peak at +1.5 V yields a surface coverage 
of (1.60.8)x10-11 molcm-2 for the bis aminophen complex.  It is interesting to 
note that despite using 6 times more scan cycles compared to the bis aminophen 
complex in acetonitrile, the surface coverage is almost an order of magnitude 
lower when the electropolymerisation is carried out in sulphuric acid rather than 
in acetonitrile.  However, for ruthenium tris aminophen, increasing the number 
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of scan cycles from 10 in acetonitrile to 60 in sulphuric acid, almost doubles the 
surface coverage to (4.40.6)x10-8 molcm-2.  This suggests that for better film 
coverages, the type of solvent and the number of scan cycles are crucial factors.   
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Figure 4.8: Voltammetric behaviour following electrodeposition, of 
[Ru(aphen)2bpy]2+ (▬), in blank aqueous 0.5 M H2SO4 (pH 0.3) after 60 cycles, 
at a scan rate of 0.1 Vs-1.  Cyclic voltammogram of blank GCE in aqueous 0.5 
M H2SO4 (pH 0.3) is given by (▬).   
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Figure 4.9: Voltammetric behaviour following electrodeposition, of 
[Ru(aphen)3]2+ (▬), in blank aqueous 0.5 M H2SO4 (pH 0.3) after 60 cycles at a 
scan rate of 0.1 Vs-1.  Cyclic voltammogram of blank GCE in aqueous 0.5 M 
H2SO4 (pH 0.3) is given by (▬).   
 
4.3.2 S.E.M 
In order to probe the morphology of the films formed in the two different media, 
scanning electron microscopy (SEM) was performed on films of  
[Ru(aphen)2bpy]2+ and [Ru(aphen)3]2+ formed in both acetonitrile and sulphuric 
acid.  Figure 4.10 shows SEM images of the bare glassy carbon electrode (A), 
electropolymerised [Ru(aphen)2bpy]2+ film formed in acetonitrile (B) and 
sulphuric acid (C), respectively.   
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Figure 4.10: SEM images of bare glassy carbon electrode (A) and films 
of [Ru(aphen)2bpy]2+ electropolymerised on a 1.5 mm radius glassy 
carbon electrode from anhydrous acetonitrile (B) and sulphuric acid (C).   
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Figure 4.11:  SEM images of films of [Ru(aphen)3]2+ electropolymerised on 1.5 
mm radius glassy carbon electrodes from anhydrous acetonitrile (A) and 
sulphuric acid (B).  A small defect region has been enlarged for better clarity.    
 
Figure 4.11 shows SEM of [Ru(aphen)3]2+ films formed in acetonitrile and 
sulphuric acid and even they appear continuous and smooth, similar to the 
[Ru(aphen)2bpy]2+ films.   
From the SEM images, it is clear that both [Ru(aphen)2bpy]2+ and 
[Ru(aphen)3]2+ form rather smooth continuous films on the surface.  Wide area 
views of films formed in both solvents confirm that a continuous film covers the 
whole electrode surface.  Although the electropolymerised films cover the entire 
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electrode surface, SEM images show that they are not free from all defects.  
Some electrodes exhibit small patches of uncovered electrode surface and burst 
blisters as shown in Figure 4.11 (A) and enlarged view of Figure 4.11 (B).  
These defects could be due to the presence of some impurity adsorbed onto the 
surface of the carbon electrode prior to electropolymerisation.  The surface of 
the carbon electrode is also not atomically smooth and hence it may have defects 
like dislocation lines or varying surface density17 which may again influence the 
continuous film formation on the electrode surface.  Also, exposure of the films 
to vacuum while capturing scanning electron microscopic images may have 
caused the ‘burst blister’ like structures that we see in Figure 4.11(B).  
Irrespective of the presence of small defects, the majority of the electrode 
surface is defect free with a smooth and even electrochemically synthesised 
polymer layer being formed which is potentially useful for sensor 
applications.24,25   
 
4.3.3 Evaluation of charge transfer coefficients 
The sensitivity of an ECL sensor will ultimately be dictated by the rate at which 
the Ru3+ sites can be regenerated.  Therefore, it is important to determine the 
rate of charge transport through the film leading to the conversion of the inactive 
Ru2+ centres into the Ru3+ centres that can react with co-reactant to generate an 
electronically excited state, Ru2+*.  For semi-infinite electrochemical charge 
diffusion through surface confined redox layer, ν1/2 dependence of the peak 
current is seen and the peak current itself is given by the same equation as that 
used for species dissolved in solution and diffusing to the electrode surface, i.e., 
Equation 1.21.  It characterises the movement of charge through the film.17   
The rate of charge transport through the electropolymerised film can be 
quantified by measuring the DCT using cyclic voltammetry.  The lower limit on 
the range of useful scan rates in cyclic voltammetry is dictated by the 
requirement that the depletion layer thickness be significantly less than the 
overall film thickness, while the upper scan rate is limited by the rate of 
heterogeneous electron transfer across the electrode layer interface.   
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Figure 4.12 shows the voltammetric response of the electrodeposited film of 
[Ru(aphen)2bpy]2+ in blank 0.1 M CH3CN/TBATFB solution at scan rates 0.1-
0.4 Vs-1.  The iPa and iPc values at various scan rates are given in Table 4.2 and 
the dependence of the voltammetric response on these scan rates is shown in 
Figure 4.13.  It can be clearly seen that the peak current, iPa, is proportional to 
the root of scan rate at higher scan rates and this is indicative of semi-infinite 
linear diffusion control for the surface bound redox species.26  Therefore, for 0.1 
Vs-1 <  < 0.4 Vs-1, Randles-Sevcik equation can be used to derive the charge 
transport diffusion coefficient, DCT.11,27,28   
It is found that Ep is 50 mV, which is slightly different when compared to the 
57 mV value that is expected for an ideally reversible response.  The charge 
passed is 3.10.05 C corresponding to a surface coverage of (4.60.5)x10-10 
molcm-2.   
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Figure 4.12:  Scan rate dependence of the voltammetric response for a thin film 
of [Ru(aphen)2bpy]2+ [=(4.60.5)x10-10 molcm-2] electropolymerised on a 3 
mm diameter glassy carbon electrode.  The supporting electrolyte is 0.1 M 
CH3CN/TBATFB.  The electrolyte used here and the deposition solution are the 
same.  The scan rates are from top to bottom 0.4 (▬), 0.3 (▬), 0.2 (▬) and 0.1 
(▬) Vs-1.  Blank glassy carbon electrode in 0.1 M CH3CN/TBATFB is given by 
(▬).   
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Table 4.2: Peak currents and standard errors of electrodeposited film of 
[Ru(aphen)2bpy]2+ on glassy carbon electrode, in blank 0.1 M CH3CN/TBATFB 
solution at scan rates 0.1-0.4 Vs-1.   
Scan rate / 
Vs-1 
iPa mean / A iPc mean / A 
0.1 6.20.2 -9.50.1 
0.2 13.30.3 -2.60.6 
0.3 17.60.5 -4.80.2 
0.4 22.20.1 -6.20.3 
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Figure 4.13: Peak current dependence vs. root of scan rate for 
[Ru(aphen)2bpy]2+ electropolymerised film on a 3 mm diameter glassy carbon 
electrode in 0.1 M CH3CN/TBATFB.   
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The slope of the Randles-Sevcik equation, Equation 1.21, was calculated by 
substituting appropriate values for various parameters and the charge transfer 
diffusion coefficient, DCT, was found to be (1.1±0.8)x10-11 cm2s-1.   
Figure 4.14 shows the voltammetric response for electrodeposited films of 
[Ru(aphen)3]2+ from 0.1 M CH3CN/TBATFB solution, at scan rates 0.1-0.4 Vs-1.  
Figure 4.15 shows the dependence of the voltammetric response on the square 
root of the scan rates.  Table 4.3 gives the values of iPa and iPc at these scan rates.   
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Figure 4.14: Scan rate dependence of the voltammetric response for a thin film 
of [Ru(aphen)3]2+ (=2.20.6x10-8 molcm-2) electropolymerised on a 3 mm 
diameter glassy carbon electrode in 0.1 M CH3CN/TBATFB.  The scan rates are 
from top to bottom 0.4 (▬), 0.3 (▬), 0.2 (▬) and 0.1 (▬) Vs-1.  Blank glassy 
carbon electrode in 0.1 M CH3CN/TBATFB is given by (▬).   
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Table 4.3: Peak currents and standard errors of electrodeposited film of 
[Ru(aphen)3]2+ on glassy carbon electrode, in blank 0.1 M CH3CN/TBATFB 
solution at scan rates 0.1-0.4 Vs-1.   
 
Scan rate / 
Vs-1 
iPa mean / A iPc mean / A 
0.1 43.50.1 -5.70.6 
0.2 52.80.1 -7.70.2 
0.3 72.41.6 -11.01.4 
0.4 82.59.2 -14.52.8 
 
DCT was found to be (4.4±0.8) x10-11 cm2s-1.  It is perhaps important to note that 
the DCT values stated above represent the lower bound of DCT since any film 
swelling will decrease the ruthenium concentration causing DCT to be 
underestimated.   
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Figure 4.15: Peak current dependence vs. root scan rate for [Ru(aphen)3]2+ 
electropolymerised film on a 3 mm diameter glassy carbon electrode in 0.1 M 
CH3CN/TBATFB.   
Figures 4.16 and 4.18 show voltammetric responses for electrodeposited films 
of [Ru(aphen)2bpy]2+ and [Ru(aphen)3]2+, in blank 0.5 M H2SO4, pH 0.3, at scan 
rates 0.1-0.4 Vs-1 respectively.  Figure 4.17 and 4.19 shows the dependence of 
the peak of the two films on the square root of the scan rates.  The plot of iP vs. 
root scan rate was found to be linear for both films and applying Randles-Sevcik 
equation, gave the homogeneous charge transport diffusion coefficient, DCT to 
be (6.90.4)x10-10 cm2s-1 for [Ru(aphen)2bpy]2+, DCT is (9.60.6)x10-9 cm2s-1 for 
[Ru(aphen)3]2+.   
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Figure 4.16: Scan rate dependence of the voltammetric response of a thin film 
of [Ru(aphen)2bpy]2+ (=1.60.8x10-11 molcm-2) electropolymerised on a 3 mm 
diameter glassy carbon electrode in 0.5 M H2SO4 (pH 0.3).  The scan rates are 
from top to bottom 0.4 (▬), 0.3 (▬), 0.2 (▬) and 0.1 (▬) Vs-1.  Blank glassy 
carbon electrode in 0.5 M H2SO4 (pH 0.3) is given by (▬).   
Table 4.4: Peak currents and standard errors of electrodeposited film of 
[Ru(aphen)2bpy]2+ on glassy carbon electrode, in blank 0.5 M H2SO4, pH 0.3, at 
scan rates 0.1-0.4 Vs-1.   
Scan rate / 
Vs-1 
iPc mean / A iPa mean / A 
0.1 1372 -27.80.1 
0.2 1760.1 -32.50.2 
0.3 2055 -55.21.4 
0.4 2627 -71.91.5 
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Figure 4.17: Peak current vs. square root of scan rate for [Ru(aphen)2bpy]2+ 
electropolymerised film on a 3 mm diameter glassy carbon electrode in 0.5 M 
H2SO4, electrolyte, pH 0.3.   
 162 
 
 
 
0.0 0.5 1.0 1.5 2.0
-70
0
70
140
210
 
 
j /
 
Ac
m
-2
Potential / V  
Figure 4.18: Scan rate dependence of the voltammetric response for a thin film 
of [Ru(aphen)3]2+, [=(4.40.6) x10-8] molcm-2, electropolymerised on a 3 mm 
diameter glassy carbon electrode in 0.5 M H2SO4 (pH 0.3).  The scan rates are 
from top to bottom 0.4 (▬), 0.3 (▬), 0.2 (▬) and 0.1 (▬) Vs-1.  Blank glassy 
carbon electrode in 0.5 M H2SO4 (pH 0.3) is given by (▬).   
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Table 4.5: Peak currents and standard errors of electrodeposited film of 
[Ru(aphen)3]2+ on glassy carbon electrode, in blank 0.5 M H2SO4, pH 0.3, at 
scan rates 0.1-0.4 Vs-1.   
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Figure 4.19: Peak current vs. square root of scan rate for a [Ru(aphen)3]2+ 
electropolymerised film on a 3 mm diameter glassy carbon electrode in 0.5 M 
H2SO4, electrolyte, pH 0.3.   
Scan rate / 
Vs-1 
iPa mean / A iPc mean / A 
0.1 29414 -87.80.5 
0.2 43533 -1854 
0.3 50345 -2475 
0.4 56647 -4003 
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Figure 4.16 shows the voltammogram of [Ru(aphen)2bpy]2+ in blank electrolyte 
(0.5 M H2SO4) in which the ligand oxidation peak at around +0.45 V can be 
identified.12  The EP for the Ru2+/3+ couple is very large, 80 mV, which is not 
consistent with a surface confined species undergoing reversible one-electron 
transfer reaction.  This could be due to some following chemical reaction or 
slow heterogeneous charge transfer processes.  However, when the charge 
transport values are compared for films deposited from the two media, the 
[Ru(aphen)2bpy]2+ films formed in sulphuric acid show a DCT value which is 
roughly an order of magnitude faster that those found for films deposited from 
acetonitrile.  Higher charge transport values may be due to swelling of the 
polymer matrix in the highly acidic medium.49  Higher pH of the organic 
medium may impede charge transport through the polymer matrix due to 
absence of swelling of the polymer matrix which is usually favoured at low pH 
due to repulsive interactions between the protonated aphen.   
For [Ru(aphen)3]2+ films, the ratio iPa/iPc was found to be 0.6 instead of unity 
and the DCT was (9.60.6)x10-9 cm-2s-1.  In contrast, for [Ru(aphen)3]2+, 
increasing the number of scan cycles in sulphuric acid compared to acetonitrile, 
apparently increased the surface coverage also.  However, the charge transfer 
coefficient was approximately two orders of magnitude higher than that found 
for the films of the same compound formed in acetonitrile.  This behaviour in 
acid indicates that the lifetime of the cation radical of the amino-phenanthroline 
ligand may be large in sulphuric acid than in acetonitrile.  Hence more polymer 
is formed per unit time.  Both surface coverages and charge transfer coefficients 
have been summarized in Table 4.6.  However, the observation that 
electropolymerisation proceeds in aqueous sulphuric acid is significant despite 
the non-ideal voltammetric responses.   
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Table 4.6: Apparent film coverages, formal potentials and DCT values for 
oxidatively electropolymerised complexes at a scan rate 0.05 Vs-1.   
Complex/ C 
/mM 
Solvent EO/ V ER/ V 
Scan 
cycles 
/ 
molcm-2 
DCT / 
cm2s-1 
[Ru(aphen)2bpy]
2+ / 1.5 
CH3CN +1.0 +0.94 10 
4.60.5 
x10-10 
1.1±0.8 
x10-11 
[Ru(aphen)2bpy]
2+ / 2.0 
H2SO4 +1.6 +0.5 60 
1.60.8 
x10-11 
6.90.4 
x10-10 
[Ru(aphen)3]2+ 
/1.0 
CH3CN +1.1 +1.1 10 
2.20.6 
x10-8 
4.4±0.8 
x10-11 
[Ru(aphen)3]2+ 
/1.33 
H2SO4 +1.5 +0.6 60 
4.40.6 
x10-8 
9.60.6 
x10-9 
 
For complexes of the general formula [Ru(bpy)n (aphen)3-n], where 0  n  2, 
monomer with n=0 gives better films29 with respect to coverage and stability, 
compared to monomer with n=2.  Indeed in this study, the ruthenium 
polypyridyl complex of the above general formula with n=0 gives better 
coverages compared to the one with n=1.  The values of  obtained in 
acetonitrile media for [Ru(aphen)3]2+ and [Ru(aphen)2bpy]2+ compare very well 
with the values reported in literature.10,12   
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4.3.4 Spectroscopic and photophysical studies 
To investigate if the differences observed in the electrochemical behaviour of 
the polymers arise from structural differences in materials deposited from 
different solvents, the spectroscopic properties of the polymers were 
investigated using UV absorption, luminescence emission and Raman 
spectroscopies.  Electronic spectroscopy has proved useful in characterisation of 
ruthenium containing polymers.30  In particular the position of the lowest 
absorption maxima and the wavelength of emission are often characteristic of a 
particular ruthenium moiety.   
Figures 4.20 and Figure 4.21 compare the absorption spectra of 
[Ru(aphen)2bpy]2+ (▬) and [Ru(aphen)3]2+ (▬) monomers with the 
electrochemically synthesised polymers dissolved into CH3CN and H2SO4 
respectively.  The insets show an expanded view of the spectra of the 
electrochemically synthesised polymers.  When the electrochemically 
synthesised polymers were dissolved off in acetonitrile, Figure 4.20, it is 
observed that all the electrochemically synthesised polymers show strong ligand 
centered * transition in the 200-300 nm range, the absorption maxima of 
the d* MLCT transition around 450 nm similar to the monomers.10,31  All 
electrochemically synthesised polymers show strong amino phenanthroline peak 
at 355 nm,13 even though the bis monomer does not a show strong peak at 355 
nm.  For ruthenium polypyridyl complexes the extinction coefficient, log ,does 
not depend on the pH of the media and the value of log  of  ruthenium 
monomers and polymers usually lies in the range of log  =3 to log =4.17,24  
Therefore, assuming the same extinction coefficient as the monomer and the 
Beer-Lambert law, the concentration of the metal centers in the polymer 
solution was calculated.  These results have been tabulated in Table 4.7.  
Similarly, the electrochemically synthesised polymers were also dissolved off in 
sulphuric acid to investigate if the dissolution solvent had any effect on the 
absorption and emission properties of the electrochemically synthesised 
polymers.  These results have been tabulated in Table 4.8.   
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Figure 4.20: Absorption spectra of 125 M [Ru(aphen)2bpy]2+ (▬) and 31.25 
M [Ru(aphen)3]2+ (▬) monomers and electrochemically synthesised polymers 
dissolved off from the GCE electrode surface into spectroscopic grade CH3CN.  
A quartz cuvette with 1 cm path length was used.  0.63 M  [Ru(aphen)2bpy]2+ 
in CH3CN as deposition medium is given by (▬), 3.20 M [Ru(aphen)2bpy]2+ 
in H2SO4 as deposition medium is given by (▬), 0.76 M [Ru(aphen)3]2+ in 
CH3CN as deposition medium is given by (▬), 0.5 M [Ru(aphen)3]2+ in H2SO4 
as deposition medium is given by (▬) and blank CH3CN is given by (▬).   
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Figure 4.21: Absorption spectra of 125 M [Ru(aphen)2bpy]2+ (▬) and 31.25 
M [Ru(aphen)3]2+ (▬) monomers and electrochemically synthesised polymers 
dissolved off from the GCE electrode surface into HPLC grade 0.5 M H2SO4 
(pH 0.3).  A quartz cuvette with 1 cm path length was used.  [Ru(aphen)2bpy]2+ 
in CH3CN as deposition medium is given by (▬), 15.8 M [Ru(aphen)2bpy]2+ 
in H2SO4 as deposition medium is given by (▬), 2.5 M [Ru(aphen)3]2+ in 
CH3CN as deposition medium is given by (▬), 8.8 M [Ru(aphen)3]2+ in H2SO4 
as deposition medium is given by (▬) and blank 0.5 M H2SO4 (pH 0.3) is given 
by (▬).   
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Table 4.7: Absorption and emission data of ruthenium monomers and 
electrochemically synthesised polymers. A known concentration of the 
monomer was used along with Beer-Lambert law to determine the extinction co-
efficient.  The electrochemically synthesised polymers were dissolved off into 
acetonitrile from the electrode surface by prolonged sonication.  Assuming the 
same extinction co-efficient as their respective monomers, the concentration of 
the polymers was determined using Beer-Lambert law.    
Complex / 
deposition solution 
MLCTa 
absorption 
at rt, nm 
log  
maxa 
(emission) 
at rt, nm 
C / M 
[Ru(aphen)2bpy]2+ / 
monomer in CH3CN  
450 3.5 610 125 
[Ru(aphen)2bpy]2+ / 
polymer from 
CH3CN 
453 3.5 614 0.63 
[Ru(aphen)2bpy]2+ / 
polymer from 
H2SO4 
445 3.5 610 3.20 
[Ru(aphen)3]2+ / 
monomer in CH3CN 
467 3.9 606 31.3 
[Ru(aphen)3]2+ / 
polymer from 
CH3CN 
454 3.9 606 0.76 
[Ru(aphen)3]2+ / 
polymer from 
H2SO4 
454 3.9 596 0.50 
a Measured in acetonitrile.  rt –room temperature.    
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Table 4.8: Absorption and concentration data of ruthenium monomers and 
electrochemically synthesised polymers. A known concentration of the 
monomer was used along with Beer-Lambert law to determine the extinction co-
efficient.  The electrochemically synthesised polymers were dissolved off into 
0.5 M H2SO4 (pH 0.3) from the electrode surface by prolonged sonication.  
Assuming the same extinction co-efficient as their respective monomers, the 
concentration of the polymers was determined using Beer-Lambert law.    
Complex / 
deposition solution 
MLCTb 
absorption at 
rt, nm 
log  C / M 
[Ru(aphen)2bpy]2+ / 
monomer in H2SO4 
445 3.5 125 
[Ru(aphen)2bpy]2+ / 
polymer from 
CH3CN 
- - - 
[Ru(aphen)2bpy]2+ / 
polymer from 
H2SO4 
435 3.5 15.8 
[Ru(aphen)3]2+ / 
monomer in H2SO4 
447 3.9 31.3 
[Ru(aphen)3]2+ / 
polymer from 
CH3CN 
443 3.9 2.5 
[Ru(aphen)3]2+ / 
polymer from 
H2SO4 
440 3.9 8.8 
bMeasured in 0.5 M H2SO4 (pH 0.3).  rt –room temperature.   
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From Tables 4.7 and 4.8, it is clear that not much variation is observed in the 
position of the lowest absorption maxima and the wavelength of emission 
between the monomers and the electrochemically synthesised polymers.  Also, 
the solvents do not seem to have any major effect.  However, the bis 
electrochemically synthesised polymer formed in acetonitrile did not show any 
emission when dissolved off the electrode in sulphuric acid.  But the polymer 
shows good emission when dissolved into acetonitrile, the lack of emission in 
sulphuric acid could just be due to solubility issues.  There are also slight blue / 
red shifts observed in few of the electrochemically synthesised polymers as seen 
from the two tables.  It is a well known fact that the absorption peaks of 
complexes tend to shift slightly towards blue or red regions when the micro 
environment of the molecule is perturbed.32,33  As the micro environment 
experienced by the monomer molecules in solution will be different from the 
polymer molecules due to the presence of oligomers of different monomeric 
units and longer polymer chains, a slight shift in the emission after 
polymerisation is quite expected.   
Before dissolution of the polymers from the surface of the electrode, they were 
probed with confocal fluorescence microscope with a 458 nm laser.  No 
emission was detected from the surface.  The importance of oxygen containing 
functional groups to carbon electrode surface chemistry, particularly with 
respect to electrochemical processes is well known.34,35  Surface oxides form 
spontaneously on most carbon surfaces in air, and are unavoidable without 
special effort, such as ultra high vacuum (UHV) or heat treatment.35-37  There is 
a significant fraction of surface oxygen groups on glassy carbon electrode 
surface.  The surface oxide distribution is highly sensitive to initial conditions 
and subsequent chemical treatment of the electrode.37  However, it is known that 
the fluorescence is quenched on the GC surface unless the fluorescent label is a 
significant distance from the surface.  But monolayers of ruthenium polypyridyl 
complexes have been shown to retain luminescence on metallic surfaces, which 
are also well known for quenching fluorescence.38  In addition, polymer films 
such as those described here would not be expected to be completely quenched 
as the layers are thicker than a monolayer.39   
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Murcia and co-workers,19 found that though N-C, C-C coupling play a key role 
in the electropolymerisation of aminophenanthroline ligand, aromatic C=C 
bonds also actively participate in the polymerisation process.  Taking these two 
facts into account two possibities exist.  Loss of luminescence may arise because 
of the quenching by the surface oxide groups present on the glassy carbon 
electrode surface or there is loss of aromaticity of phenanthroline ligands upon 
electropolymerisation.  Hence, to investigate these possibilities the pre-formed 
metallopolymers were dissolved off the electrode by prolonged sonication in 
acetonitrile.   
The monomers used in this study contain two to three reactive aphen ligands, 
which might be expected to lead to the formation of highly crosslinked network 
polymers.  Based on degree of crosslinking two types of network polymers 
exists, covalent chemically crosslinked polymers and physically crosslinked 
polymers.40  When the polymerisation process leads to covalent chemically 
crosslinked polymers, if previously soluble, it will no longer dissolve (except for 
some ionically crosslinked polymers) because crosslinking causes tremendous 
increase in their molecular weight.41  However, physically crosslinked polymers 
i.e., polymer that are not heavily crosslinked, can usually be dissolved in some 
solvent.22, 41   
The fact that the electrochemically synthesised polymers could be dissolved off 
the electrode surface confirms that polymers are not extensively crosslinked.  
Cyclic voltammogram of the electrodes after dissolution of the 
electrochemically synthesised polymers did not show any redox peaks and 
resembled CV’s of bare glassy carbon electrode in 0.1 M CH3CN with TBATFB 
supporting electrolyte.  This kind of behaviour is observed when there is very 
little electroactive material on the surface of the electrode i.e, all the material is 
removed by prolonged sonication.  Significantly, all polymer solutions exhibited 
the characteristic ruthenium polypyridine metal-to-ligand charge transfer 
(MLCT) emission peak at approximately 610 nm upon photo excitation, as 
shown in Figure 4.22.  It also appears that the relative emission intensities do 
not depend strongly on the deposition medium.  The fact that the polymers emit 
suggests that the aromaticity of the ligand is preserved upon 
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electropolymerisation and that the reaction mechanism is similar in both the 
solvents.  Therefore, the absence of emission from the electrode surface is most 
likely due to quenching by the electrode surface.   
 
500 550 600 650 700 750 800
0
200
400
600
800
 
 
In
te
ns
ity
 / 
A.
U
.
Wavelength / nm
 
Figure 4.22: Emission spectra of 125 M [Ru(aphen)2bpy]2+ (▬) and 31.3 M 
[Ru(aphen)3]2+ (▬) monomers and electropolymerised films that were initially 
formed in the two different solvents i.e., CH3CN and H2SO4 , then dissolved off 
the electrode into acetonitrile.  The electrochemically synthesised polymers 
were subjected to their respective excitation (i.e., given by table 4.1), with a slit 
width of 10 nm, quartz cuvette, 1 cm path length.  [Ru(aphen)2bpy]2+ in CH3CN 
as deposition medium is given by brown line (▬), [Ru(aphen)2bpy]2+ in H2SO4 
as deposition medium is given by (▬), [Ru(aphen)3]2+ in CH3CN as deposition 
medium is given by (▬), [Ru(aphen)3]2+ in H2SO4 as deposition medium is 
given by (▬) and blank acetonitrile is given by (▬).   
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The exact mechanism of the aphen polymerisation reaction is not fully 
elucidated but is likely to involve an NH• radical.11,15  For the case of metal-
bound 5-amino-1,10-phenanthroline, the initial step is a ligand-based one-
electron oxidation to form an aphen•+ radical cation.  The radical cation thus 
formed is then thought to lose a proton to form active NH• radical species.  This 
species may possess a number of contributing resonance structures as illustrated 
in Figure 4.23.  These can then react with other aphen ligands to form N-N, 
N=N (reaction of NH•) or N=C (reaction of 5-imino (iphen•)) linkages.10  For 
example, if we consider the complex [Ru(aphen)2bpy]2+, Figure 4.24, 1a and 1b 
depict the possible resonance structures of the aphen species and 2 and 3 depict 
how the radical species could react with the other aphen ligands.  Structure 3 on 
further oxidation with C-N or C-C coupling will propagate polymer growth.19   
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Figure 4.23: Resonance structures of aphen radical species 
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1) 
(a)                                                               (b) 
 
 
2) 
 
3) 
 
Figure 4.24: Resonance structures of aphen species of [Ru(aphen)2bpy]2+ 
complex (1a), (1b) and mechanism of polymer growth through N=N (2), N=C 
(3) linkages.   
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As all the electrochemically synthesised polymers exhibit MLCT transition 
states, they are also expected to exhibit ECL.   
Thus, the metallopolymers exhibit similar absorption and emission spectra, 
irrespective of the deposition medium.  However, vibrational spectroscopy can 
directly and sensitively probe subtle differences in the structure of the polymers 
formed.   
 
4.3.5 Resonance Raman spectroscopy 
Figure 4.25 (A) shows the resonance Raman spectra of [Ru(aphen)2bpy]2+ 
monomer drop-cast onto glass (▬), and thin electropolymerised film (▬) while 
Figure 4.25 (B) illustrates that of [Ru(aphen)3]2+ monomer (▬) and 
electropolymerised film (▬).  Resonance Raman spectroscopy has increasingly 
become an important analytical technique in recent years39 as it provides 
information about the vibrational characteristics of metal centres, leading to 
structural information.  Using a laser excitation which matches an optical 
transition, resonant enhancement in the vibrational modes of the chromophoric 
units can be achieved yielding not only information about the vibrational 
frequencies of the chromophore in resonance with the incident frequency but 
also about the metal coordination geometry and the ligand environment.42   
Both the ruthenium monomers exhibit spectral features typical of resonance 
with an MLCT absorbance centered on a phenanthroline ligand.  The 
[Ru(aphen)2bpy]2+ monomer exhibits Resonance Raman spectral features 
attributable to both the bpy and the phen modes while signature phenanthroline 
modes are seen in the [Ru(aphen)3]2+ monomer spectrum.31,43,44  The peaks at 
1575 (sh), 1458 (sh), 1314.8, 1193.5, 520 and 437cm-1 are signature 
phenanthroline peaks.  Bipyridyl modes are observed at 1600 (sh), 1560, 1484 
and 1170 cm-1.31, 43, 44   
The assignments of principal peaks in the Raman spectra, Figure 4.25, has been 
summarised in Table 4.9. 
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Table 4.9: Assignment of the principal Raman spectra bands for bis and tris 
amino phenanthroline.  The frequencies are in cm-1 and the intensity of the 
bands are assigned as follows; s-strong, m-medium, w-weak, sh-shoulder.   
Bis 
Monomer / 
cm-1 
Bis 
Polymer / 
cm-1 
Tris 
Monomer / 
cm-1 
 Tris 
Polymer / 
cm-1 
Mode 
1193 (s) 1192(w) 1190(s) 1195(m) Phenanthroline 
1272(w) 1273(w) 1276(sh)  MLCT state of 
phenanthroline 
1314(s) 1319(m) 1313 1318 Phenanthroline 
1420(w)  1420  In plane ring 
stretch 
   1430 In plane ring 
stretch 
1458(sh) 1460 1451(sh)  In plane ring 
stretch 
   1460 In plane ring 
stretch 
1484 (s) 1486 1484 1486 In plane ring 
stretch 
  1500(sh)  In plane ring 
stretch 
 1510   In plane ring 
stretch 
1575(s) 1575(sh) 1574 1574 C=C aromatic 
stretch 
1600(sh) 1600(sh)  1615(sh) C=C aromatic 
stretch 
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For both monomers, and their respective electrochemically synthesised 
polymers, the spectral features typical of resonance with an MLCT absorbance 
centered on a phenanthroline ligand remain, albeit with some small shifts in the 
frequency.  In addition, there are some new features evident for each 
electrochemically synthesised polymer, and there are also small but significant 
differences between the various electrochemically synthesised polymers.   
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Figure 4.25: Resonance Raman spectra of [Ru(aphen)2bpy]2+ (A) and 
[Ru(aphen)3]2+ (B) obtained by irradiating the samples using argon laser 
excitation at 488 nm.  The different spectra are of [Ru(aphen)2bpy]2+ monomer 
drop-cast onto glass (▬), [Ru(aphen)2bpy]2+ metallopolymer after 
electrodeposition (▬) in sulphuric acid, [Ru(aphen)3]2+ monomer drop-cast onto 
glass (▬) and [Ru(aphen)3]2+ electrochemically synthesised polymer (▬). 
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For [Ru(aphen)2bpy]2+ electrochemically synthesised polymer, Figure 4.25 (▬), 
the shoulder at 1600 cm-1 attributed to a C=C aromatic stretch mode remains 
unchanged compared with the monomer.  The most intense C=C aromatic 
stretch mode in the parent, Figure 4.25 (▬), appears at 1575 cm-1.  This is likely 
to be associated with a C=C ring stretch, since a C=N imine bond produced by 
reaction of 5-imino (iphen•) would be expected to appear below about 1630   
cm-1.  This could be the reason for the enhanced intensity of this mode (1575 
cm-1) in the electrochemically synthesised polymer compared to its parent 
monomer.  Also, the intensity of the bpy modes at 1484 and 1170 cm-1 in the 
electrochemically synthesised polymer film appear diminished when compared 
to that in the parent monomer compound.  There are significant differences in 
the frequencies of the spectral features in region between 1400 and 1530 cm-1 
where in-plane ring stretches occur.  The parent compound has three distinct 
features at 1485, 1458 and 1420 cm-1.  Electropolymerisation shifts these 
features to a lower frequency with peaks appearing at 1486 cm-1 and 1460 cm-1 
with a new feature appearing at 1510 cm-1.   
In the case of [Ru(aphen)3]2+ , when compared to the parent monomer at 1576 
cm-1 (▬), a new shoulder (C=C aromatic stretch mode) at 1615 cm-1 is observed 
in the electrochemically synthesised polymer (▬).  This feature is superimposed 
on a weak shoulder centered around 1606 cm-1 in the parent complex.  This is 
also likely to be associated with a C=C ring stretch, since a C=N imine bonds 
are produced here as well.  The appearance of the 1615 cm-1 mode for the 
polymer is likely to arise from a change in conjugation of the phenanthroline 
C=C modes on polymerisation.  The appearance of a new mode at 1171 cm-1 is 
tentatively attributed to a C-N azo stretch.45  Similar to [Ru(aphen)2bpy]2+ 
compounds, significant differences in the frequencies of the in-plane ring stretch 
mode for the parent and polymer spectra are observed.  For the parent 
compound four features are observed at 1500 (sh), 1484, 1451 (sh) and 1420 cm-
1.  Electropolymerisation causes a significant shift in the highest energy ring 
stretch mode to 1460 cm-1 and the remaining features appear at 1486 and 1430 
cm-1.  Broadly, they appear to be shifted to lower frequency on 
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electropolymerisation.  Conversely, the phenanthroline modes at 1313 and 1190 
cm-1 shift to higher frequency, 1318 cm-1 and 1195 cm-1 respectively, on 
electropolymerisation.   
The origin of the differences between the polymers is not clear but it does not 
seem to affect the max (emission) or the MLCT transition states.  The small 
changes between the electrochemically synthesised polymers would suggest that 
polymerisation process does not affect the phenanthroline ligand directly but 
rather is localised on the substituent.   
Overall, this data demonstrates that there are significant changes to the aromatic 
ring structures of the polymers when compared to the parent monomer.  This is a 
consequence of changes in the extent of conjugation arising from the imine 
formation.  In the [Ru(aphen)3]2+ electrochemically synthesised polymer there is 
also evidence for azo bond formation.  In contrast, these bands do not appear in 
the ruthenium bis aminophen electrochemically synthesised polymer, suggesting 
that the mechanism for polymer termination may be different for these two 
complexes.  It could be speculated that the due to the presence of more number 
of aminophen moieties in the tris complex compared to the bis substituted 
complex, the NH• radical facilitates both types of termination, i.e., imine 
formation and azo formation, in [Ru(aphen)3]2+ electrochemically synthesised 
polymer whereas imine formation dominates in [Ru(aphen)2bpy]2+ 
electrochemically synthesised polymer.   
Therefore, it can be concluded that electropolymerisation results in structural 
perturbation to the phenanthroline ligands.  The general trend towards lower 
frequency ring and C-C stretch modes suggests lengthening of C-C bonds, 
perhaps due to some loss in aromaticity in the phenanthroline rings.  The 
retention of luminescence without changing the emission wavelength suggests 
that for a given complex, electropolymerisation may involve reaction of a single 
amino-phenanthroline ligand.  This conclusion is also consistent with the 
solubility of the polymer, which suggests that the polymers are not heavily 
cross-linked.  These electrogenerated polymers are therefore attractive from the 
perspective of developing biosensors since the remaining amino-phen moieties 
can be used to bind biomolecules such as enzymes or antibodies.   
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4.3.6 ECL emission characteristics of films  
One of the key objectives of this work was to investigate if electropolymerised 
films exhibit any ECL and to compare the generated ECL from the films 
electrodeposited from different solvents.  Also, it is important to study how pH 
affects the ECL emission from the two-electropolymerised ruthenium 
complexes, since the redox behaviour, the protonation state and the 
photophysical characteristics of the amino phenanthroline ligand are deeply 
influenced by the pH of the electrolyte solution.  In order to study this effect, the 
ECL generation properties of the polymer films formed in the two different 
media were tested at different pH values (5, 2.5, 8.5 and 11.5) in the presence of 
sodium oxalate and tripropylamine (TPA) as co-reactant in phosphate buffer and 
CH3CN respectively.   
The ECL mechanism of TPA/ [Rubpy3]2+ ECL system has been investigated by 
many workers.  Many possible reaction pathways have been proposed for TPA/ 
[Rubpy3]2+ ECL system.46  But in general it is believed that on oxidation a 
radical cation (TPA•+) is produced which through loss of a proton from an  
carbon, forms a strong reducing intermediate TPA•.  This radical can reduced 
the electrogenerated Ru3+ species to the excited state reduced product Ru2+* 
which then relaxes to the electronic ground state by emission.  The oxidation of 
TPA can be via a “catalytic route” where electrogenerated Ru3+ species reacts 
with TPA (Figure 1.3, Chapter 1) or by direct reaction of TPA at the electrode 
described by Figure 1.4, Scheme 1, Chapter 1.  The ECL intensity of the TPA/ 
[Rubpy3]2+ system is known to strongly depend not only on the concentration of 
both Ru2+ species and TPA species but also on solution pH, electrode material 
and surfactants.  This suggests that direct TPA oxidation at the electrode surface 
plays a vital role in the light generation process.  Miao and co-workers46 
proposed an alternate route involving the intermediacy of TPA cation radicals 
(TPA•+) which has a half life of 0.2 ms in aqueous solutions at pH 8.5.  They 
showed that at low concentrations of [Ru(bpy)3]2+ (M) and 10-100 mM 
aqueous TPA, pH 8.5, the ECL emission vs. potential curves displayed two 
broad waves.  Similar behaviour was observed for electropolymerised films of 
[Ru(aphen)2bpy]2+ deposited in acetonitrile in the presence of 0.1 M TPA (pH 
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8.5) dissolved in acetonitrile, Figure 4.26.  It is important to note that the 
deposition medium and the medium in which ECL experiment was carried out is 
the same in this case.  The initial ECL signal started at potentials where the 
direct oxidation of TPA at the GC electrode occurs (Ea0.5 V vs. Ag/AgCl)47 
and reached a first maximum at a potential of about 0.8 V vs. Ag/AgCl, about 
0.3 V more positive than the reported peak potential47 for TPA oxidation in 
acetonitrile, and well before Ru2+ oxidation.  The second ECL signal has a peak 
potential value of 1.17 V vs. Ag/AgCl, in the potential region of the direct 
oxidation of Ru2+ at a GC electrode.46  The first ECL signal is relatively smaller 
compared to the second ECL signal.   
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Figure 4.26: Cyclic voltammogram (▬) and electrochemiluminescence 
response (····) for a 3 mm glassy carbon electrode (A=0.71 cm2) modified with 
[Ru(aphen)2bpy]2+ film electrodeposited from acetonitrile.  The co-reactant used 
was 0.1 M TPA (pH 8.5) dissolved in acetonitrile.  The scan rate was 0.1 Vs-
1and  is (4.60.5)x10-10 molcm-2.   
It has been reported earlier46,48 that the ECL intensity of the first peak is 
determined by the quantity of TPA derived radicals generated from the 
oxidation of TPA at the electrode surface.  In the presence of excess Ru2+, the 
ECL intensity of the first peak is governed by the concentration of TPA whereas 
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in the presence of excess TPA radicals compared to Ru2+, the ECL intensity is 
governed by concentration of Ru2+.   
From the UV-Vis absorption data we already know that only micromolar 
amounts of ruthenium centers are present after electropolymerisation.  
Therefore, due to very low ruthenium concentrations, Figure 4.26 can be 
interpreted on similar terms to Miao and co-workers.46  At 0.8 V vs. Ag/AgCl 
there is an excess of TPA radicals but as the electropolymerised film is not 
completely oxidized the concentration of Ru3+ is very low.  The low 
concentration of ruthenium centers in general in the electrochemically 
synthesised polymer films compared to the concentration of TPA radicals also 
contribute significantly to this effect.  In this situation, as the ECL intensity of 
the first peak is governed by Ru2+ concentration we observe a very low ECL 
signal.  But as the potential is increased closer to the oxidation potential of Ru2+, 
a higher ECL signal is observed which peaks at 1.17 V vs. Ag/AgCl.   
Figure 4.27 shows simultaneously recorded CV (A) and ECL response (B) for a 
thin film of [Ru(aphen)2bpy]2+ film electrodeposited from acetonitrile with TPA 
co-reactant dissolved in acetonitrile.  The pH of TPA was adjusted to 8.5 
(CV····, ECL▬) and 11.5 (CV····, ECL▬) by adding a few drops of perchloric 
acid to the electrolyte solution.  This figure reveals that the ECL intensity of the 
[Ru(aphen)2bpy]2+ film is higher at higher pH in organic medium.   
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Figure 4.27: Cyclic voltammogram (A) and electrochemiluminescence response 
(B) for a 3 mm glassy carbon electrode (A=0.71 cm2) modified with 
[Ru(aphen)2bpy]2+ film electrodeposited from acetonitrile.  The co-reactant used 
was 0.1 M TPA dissolved in acetonitrile.  The pH of TPA was adjusted to 8.5 
(CV (A)····, ECL (B) ▬) and 11.5 (CV (A) ····, ECL (B) ▬).  ▬ is the 
response of the film in blank acetonitrile with no TPA.  The scan rate was 0.1 
Vs-1 and  is 4.60.5 x10-10 molcm-2.   
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Even at pH 11.5, two ECL peaks are observed, first one at 0.9 V vs. Ag/AgCl 
and second at 1.4 V.  However, the ECL intensity at higher pH is almost 3 times 
the ECL intensity found at 8.5 pH.   
Figure 4.28 illustrates the ECL behaviour of [Ru(aphen)2bpy]2+ film 
electrodeposited from acetonitrile, in aqueous PBS solution in the presence of 
oxalate co-reactant (pH 5.2).  The pH of the oxalate solution was adjusted by 
adding few drops of oxalic acid.   
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Figure 4.28: Cyclic voltammogram (▬) and electrochemiluminescence 
response (····) for a 3 mm glassy carbon electrode (A=0.71 cm2) modified with 
[Ru(aphen)2bpy]2+ film electrodeposited from acetonitrile.  The co-reactant used 
was sodium oxalate (pH 5.2) dissolved in PBS.  The deposition medium and the 
medium in which ECL was performed are different.  The scan rate was 0.1 Vs-1 
and  is (4.60.5)x10-10 molcm-2.   
 
From the Figure 4.28, it can be seen that there is a significant increase in the 
oxidation peak current in the presence of oxalate (pH 5.2) which is not seen 
when oxalate in not present in electrolyte solution i.e., Figure 4.29.  The 
oxidation of oxalate on bare glassy carbon electrode was found to occur at +1.2 
V vs. Ag/AgCl in PBS buffer electrolyte.  Consistent with previous reports, an 
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increased current is observed at the oxidation potentials of oxalate ( 1.2 V vs. 
Ag/AgCl), Figure 4.28.49  As the oxidation potential of [Ru(aphen)2bpy]2+ film 
electrodeposited from acetonitrile occurs at +1.02 V (Figure 4.3), it can be 
concluded that the oxidation of oxalate is mediated by Ru3+ centers.  This 
increased current is not observed in the absence of the ruthenium 
metallopolymer layer.  Thus Figure 4.28 shows that the oxidation of oxalate is 
accompanied by ECL emission indicating that the Ru3+ centers are reduced to 
Ru2+*, which then emits light and relaxes back to the electronic ground state.  
On reversal of the scan the intensity of ECL decreases as the current leading to 
the production of Ru3+ decreases.   
Figure 4.29 shows simultaneously recorded CV (A) and ECL response (B) for a 
thin film of [Ru(aphen)2bpy]2+ film electrodeposited from acetonitrile with 
oxalate co-reactant dissolved in PBS buffer.  The pH of oxalate was adjusted to 
2.5 (CV····, ECL▬) and 5.2 (CV····, ECL▬) by adding a few drops of oxalic 
acid to the electrolyte solution.  This figure reveals that even in this case the 
ECL intensity of the [Ru(aphen)2bpy]2+ film is higher at higher pH.   
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Figure 4.29: Cyclic voltammogram (A) and electrochemiluminescence response 
(B) for a 3 mm glassy carbon electrode (A=0.71 cm2) modified with 
[Ru(aphen)2bpy]2+ film electrodeposited from acetonitrile.  The co-reactant used 
was sodium oxalate dissolved in PBS.  The pH of oxalate was adjusted to 2.5 
(CV (A)····, ECL (B) ▬) and 5.2 (CV (A) ····, ECL (B) ▬).  ▬ is the response 
of the film in blank PBS with no oxalate.  The scan rate was 0.1 Vs-1 and  is 
(4.60.5)x10-10 molcm-2.  The ECL signal obtained at pH 2.5 has been enlarged 
for clarity.    
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It has already been established by many workers, that the ECL intensity of 
[Ru(bpy)3]2+/ Oxalate system is strongly dependant on the pH.50-53  Lu et.al.,51 
reported that for ITO electrodes modified with PVP bound [Ru(bpy)3]Cl2, 
increase in pH increased ECL intensity.  The authors concluded that at low pH 
(for oxalic acid pK1=1.23 and pK2=4.19) there is efficient penetration of the 
PVP film by the oxalate but neutral and mono-anionic oxalate will be the 
dominant species present.  The protonated forms of the radical intermediates 
(HC2O4-•) which are responsible for generation of the excited state luminophore 
are weak reducing agents compared to un-protonated form (CO2-•).  Therefore, a 
low ECL emission is observed at low pH when compared to higher pH values.  
Similar observation is seen here with electropolymerised [Ru(aphen)2bpy]2+ 
films.  The ECL emission is higher at pH 5.2 when compared to pH 2.5.  
However, when the overall ECL intensity is considered, [Ru(aphen)2bpy]2+ 
films electropolymerised in acetonitrile produce more intense ECL in organic 
electrolyte with TPA co-reactant than in aqueous electrolyte with oxalate co-
reactant.  This could also be because in the former case the deposition medium 
and the medium in which ECL was examined were both same, where as in the 
later case they differed.  Hence, in addition to pH effects, electrolyte solution 
also seems to influence the ECL light emission process of the 
electropolymerised films.   
Similar experiments were performed on [Ru(aphen)2bpy]2+ films 
electrodeposited from sulphuric acid.  Surprisingly, two ECL peaks like the ones 
observed in Figure 4.26 are not observed.  A single peak beginning at 0.9 V, 
reaching its maximum at around 1.3 and decreasing in intensity with reverse 
scan is observed.  The CV contains a broad irreversible anodic peak which 
begins to rise around 0.8 V vs. Ag/AgCl with a peak at 1.3 V.   
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Figure 4.30: Cyclic voltammogram (▬) and electrochemiluminescence 
response (····) for a 3 mm glassy carbon electrode (A=0.71 cm2) modified with 
[Ru(aphen)2bpy]2+ film electrodeposited from sulphuric acid.  The co-reactant 
used was TPA (pH 11.5) dissolved in acetonitrile.  The deposition medium and 
the medium in which ECL was performed are different.  The scan rate was 0.1 
Vs-1 and  is (1.60.8)x10-11 molcm-2.   
 
As the ruthenium concentration is very low, this peak is believed to be mainly 
due to the direct oxidation of TPA.48  This behaviour is very consistent with that 
observed for small concentrations of [Ru(bpy)3]Cl2 with TPA in acetonitrile 
solution and Pt electrode48 and in basic solution with glassy carbon electrode.54   
Figure 4.31 shows simultaneously recorded CV (A) and ECL response (B) for a 
thin film of [Ru(aphen)2bpy]2+ film electrodeposited from sulphuric acid with 
TPA co-reactant dissolved in acetonitrile.  The pH of TPA was adjusted to 8.5 
(CV····, ECL▬) and 11.5 (CV····, ECL▬) by adding a few drops of perchloric 
acid to the electrolyte solution.  Here too the ECL intensity of the 
[Ru(aphen)2bpy]2+ film is higher at higher pH.   
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Figure 4.31: Cyclic voltammogram (A) and electrochemiluminescence response 
(B) for a 3 mm glassy carbon electrode (A=0.71 cm2) modified with 
[Ru(aphen)2bpy]2+ film electrodeposited from sulphuric acid.  The co-reactant 
used was 0.1 M TPA dissolved in acetonitrile.  The pH of TPA was adjusted to 
8.5 (CV (A)····, ECL (B) ▬) and 11.5 (CV (A) ····, ECL (B) ▬).  ▬ is the 
response of the film in blank acetonitrile with no TPA.  The scan rate was 0.1 
Vs-1 and  is (1.60.8)x10-11 molcm-2.  Inset shows zoomed in image of the 
same graph for clarity.  
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At pH 8.5 it is observed that in spite of higher catalytic current very little ECL 
emission is observed.  The reason for this response is unclear but it could be due 
to unfavourable pH conditions for radical formation.   
Figure 4.32 shows simultaneously recorded CV (A) and ECL response (B) for a 
thin film of [Ru(aphen)2bpy]2+ film electrodeposited from sulphuric acid with 
oxalate co-reactant dissolved in PBS buffer.  The pH of oxalate was adjusted to 
2.5 (CV····, ECL▬) and 5.2 (CV····, ECL▬). Similar to the previous case it is 
observed that ECL intensity increases with increase in pH.  A similar study was 
conducted for [Ru(aphen)3]2+ film and the relative ECL intensities, diffusion 
coefficients and pH for [Ru(aphen)3]2+ film and [Ru(aphen)2bpy]2+ film have 
been summarized in Table 4.10.   
 193 
0.3 0.6 0.9 1.2 1.5
0.0
0.5
1.0
A
 
 
C
ur
re
nt
 / 
m
A
Potential / V  
0.3 0.6 0.9 1.2 1.5
0
15
30
45 B
 
10
-3
 x
 E
C
L 
/ A
.U
.
Potential / V  
Figure 4.32: Cyclic voltammogram (A) and electrochemiluminescence response 
(B) for a 3 mm glassy carbon electrode (A=0.71 cm2) modified with 
[Ru(aphen)2bpy]2+ film electrodeposited from sulphuric acid.  The co-reactant 
used was sodium oxalate dissolved in PBS.  The pH of oxalate was adjusted to 
2.5 (CV (A)····, ECL (B) ▬) and 5.2 (CV (A) ····, ECL (B) ▬).  ▬ is the 
response of the film in blank PBS with no oxalate.  The scan rate was 0.1 Vs-1 
and  is (1.60.8)x10-11 molcm-2 .   
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Table 4.10: Relative ECL Intensity of the [Ru(aphen)2bpy]2+ and [Ru(aphen)3]2+ 
films formed in different media in the presence of TPA and sodium oxalate at 
various pH.   
Complex C mM 
DCT / 
cm2s-1 x 
10-10 
Co-
reactant 
pH ECL 
11.5 6.4x104 TPA 
8.5 1.8x104 
2.5 8.9x10-8 
1.5a 0.11±0.1 
Sodium 
oxalate 5.2 0.45x10-6 
11.5 51.7x10-2 
TPA 
8.5 2.1x10-2 
2.5 13.5x10-3 
[Ru(aphen)2bpy]2
+ 
2.0b 6.90.4 
Sodium 
oxalate 5.2 40x10-3 
11.5 4.8x105 
TPA 
8.5 3.1x105 
2.5 0.8x102 
1.0a 0.44±0.08 
Sodium 
oxalate 5.2 1.9x102 
11.5 2.1x106 
TPA 
8.5 0.9x106 
2.5 No signal 
[Ru(aphen)3]2+ 
1.3b 9600.6 
Sodium 
oxalate 5.2 No signal 
aDeposition medium was CH3CN.  bDeposition medium was H2SO4 
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As predicted on the basis of cyclic voltammetry and spectroscopy data all 
electropolymerised films produced high ECL upon electrochemical oxidation of 
Ru3+ centres in acetonitrile in the presence of TPA.  A general trend of increased 
ECL with increasing pH is observed.  It is important to note that, [Ru(aphen)3]2+ 
films deposited from sulphuric acid, showed an order of magnitude higher ECL 
intensity (2.1x106) than those deposited from acetonitrile (4.8x105).  This result 
is consistent with the high DCT values obtained for the films formed in sulphuric 
acid, compared to those obtained for the films deposited from acetonitrile.  This 
suggests that the morphology of [Ru(aphen)3]2+ films formed in lower pH 
favours high charge transfer and ECL emission properties.  Also, [Ru(aphen)3]2+ 
films show higher ECL compared to [Ru(aphen)2bpy]2+ films.  This also 
suggests faster diffusion of charges through the film helps to enhance ECL 
intensity.  However, [Ru(aphen)3]2+ films show negligible or no ECL in aqueous 
medium with sodium oxalate as co-reactant.  Even though the charge transfer 
diffusion coefficient is faster for these films, the absence of ECL signal in the 
presence of sodium oxalate would suggest that DCT is not the only governing 
factor but other factors like film structure, porosity, pH, co-reactant etc. also 
play important role and hence have to be considered.   
 
4.4 CONCLUSIONS 
The electropolymerisation of [Ru(aphen)2bpy]2+ and [Ru(aphen)3]2+ complexes 
and the properties of the electropolymerised films formed by oxidative 
electropolymerisation in two different media namely, anhydrous acetonitrile and 
sulphuric acid, has been reported in this chapter.  Results show that 
electropolymerisation proceeds in both acetonitrile and in sulphuric acid and 
smooth films, which cover the entire electrode surface, can be obtained.  Films 
formed in sulphuric acid have slightly higher surface coverages (4.40.6x10-8 
molcm-2) compared to films formed in acetonitrile (2.20.6x10-8 molcm-2).  
These electrochemically synthesised polymers exhibit considerable ECL when 
oxidized to the Ru3+ state in the presence of TPA as a co-reactant.  
[Ru(aphen)2bpy]2+ films deposited from acetonitrile also show high ECL in the 
presence of TPA co-reactant.  However, the electrochemically synthesised 
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polymers (e.g. Ru(aphen)2bpy]2+ in CH3CN and H2SO4 and [Ru(aphen)3]2+ in 
CH3CN), do not exhibit open pore structure and have very low rates of charge 
transfer (e.g. [Ru(aphen)2bpy]2+ in CH3CN has a DCT of 1.10.8x10-11).  The 
exception to this was the [Ru(aphen)3]2+ film formed in H2SO4.  The 
[Ru(aphen)3]2+ films deposited from sulphuric acid have higher emission 
intensities than the ones deposited from acetonitrile.  These results are consistent 
with the high DCT values obtained for the films formed in sulphuric acid, 
compared to the substantially lower DCT values obtained for the films deposited 
from acetonitrile.  Hence, these films have a greater potential to be used as 
polymeric luminophores and they are capable of serving as an excellent 
immobilization matrix.                                                                               .
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CHAPTER V 
MODULATED POTENTIAL ECL AND A.C. 
IMPEDANCE 
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5.1 INTRODUCTION 
Electropolymerization plays a pivotal role in forming films of controlled 
thickness, but the films may not posses an open pore structure and may 
be cross-linked which significantly decreases the overall rate of charge 
transfer due to ion transport limitations.  The electrochemically 
synthesised polymers described in the previous chapter, do not exhibit 
open pore structure and most of them have very low rates of charge 
transfer (e.g. [Ru(aphen)2bpy]2+ in CH3CN has a DCT of 1.10.8x10-11).  
Also, it was observed that it was very difficult to achieve relatively thick 
films.  Usually, films with surface coverages greater than about 5x10-8 
molcm-2 or approximately 0.5 m thick, which might improve the limits of 
detection, are very desirable for analytical applications.1,2  This kind of 
surface coverage was achieved only for [Ru(aphen)3]2+ in H2SO4.  
However, these films require 60 scan cycles to form and they emit high 
ECL only in the presence of very basic TPA co-reactant (pH 8-11).  
Hence, in order to obtain more open, flexible films which would emit high 
ECL at physiological pH 7, a different approach, where one polymerizes 
appropriate polymer precursor, followed by the attachment of redox 
active groupings, can be used.  Synthetic incorporation of redox sites 
onto PVP (poly (4-vinyl pyridine)) backbone3-6 is one such example.  
These films strongly interact with contacting electrolytes and allow for the 
efficient penetration of ions and solvent thereby greatly improving the 
rates of charge transfer.   
Source modulation techniques coupled with synchronous detection are 
frequently encountered in the context of fluorescence7,8 and 
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absorbance.9  In this technique, the source signal is modulated at a 
particular frequency using a chopper wheel and the signal alone is then 
encoded as a magnitude of a carrier waveform.  This approach 
eliminates background signals from the analytical response of interest.   
In recent years, many research groups have focused their attention on better 
understanding of ECL mechanisms, biomolecular interactions with ECL 
reactants, kinetics and thermodynamics of the analyte.10,11  This knowledge can 
provide valuable insights into the phenomena of charge transport through 
molecular structures and intracellular components of bio-related species.12-16  
The kinetics of ECL reactions mainly depends on the co-reactant chemistry and 
the cross reaction between an ECL generator e.g. [Ru(bpy)3]Cl2 and co-reactant 
e.g. oxalate or TPA.17-20  A better understanding of this co-reactant chemistry 
and how it affects the light emission is absolutely essential for optimisation of 
any biosensor device.   
In ECL reactions, the electrode potential initiates the light generating 
reaction.  Hence by controlling the electrode potential one can easily 
control the emission of light from the electrode surface.  This means, one 
can easily turn the reaction “on” and “off” at will, adding an element of 
temporal control to the reaction not usually achievable with conventional 
chemiluminescence reactions.21   
Thus, by using this temporal control inherent to the ECL process in 
conjunction with porous metallopolymer films and source modulation 
technique, it is possible to develop an unique detection approach.   
The system considered here is the ECL reaction between 
[Ru(bpy)2(PVP)10]2+ polymer film and oxalate.2  The polymer is surface 
bound to a glassy carbon electrode and the oxalate is present in solution.  
For surface bound systems, the principal process is heterogeneous 
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electron transfer across the electrodepolymer interface.  Mass transfer 
and reaction kinetics through the polymer layer must be considered to 
fully understand the properties of such systems.   
In an ECL reaction, the rate of conversion of surface bound Ru2+ to Ru3+, 
Equation 5.1, is very facile.  Also CO2- arrives at the filmsolution 
boundary by diffusion.  It then enters the polymer layer where it gets 
oxidized to CO2.  For the [Ru(bpy)2(PVP)10]2+/ Oxalate ECL system 
considered, Scheme 1 represents the various reactions taking place.22   
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Scheme 1: 
  3102
2
102 ](PVP)[Ru(bpy)e](PVP)[Ru(bpy)                                           
5.1 
  42
2
102
2
42
3
102 OC](PVP)[Ru(bpy)OC](PVP)[Ru(bpy)                   
5.2 
The oxalate anion radical rapidly decomposes according to Equation 5.3 
  2242 COCOOC                                                                                      
5.3 
The intermediate radical ion, 2CO , is a strong reducing agent that can 
produce the ruthenium 2+ excited state, Ru2+*, by directly reducing the 
3+ species.   
  21022
3
1022 ](PVP)[Ru(bpy)CO](PVP)[Ru(bpy)CO                          
5.4 
hν](PVP)[Ru(bpy)](PVP)[Ru(bpy) 2102102
*2                                     
5.5 
Alternatively, as described by Equations 5.6 and 5.7, the 2CO anion 
radical may reduce the complex to the 1+ state, which can then produce 
Ru2+* by reacting with electrogenerated Ru3+.   
  ](PVP)[Ru(bpy)CO](PVP)[Ru(bpy)CO 1022
2
1022                       
5.6 
  3102102 ](PVP)[Ru(bpy)](PVP)[Ru(bpy)  
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                           2102
2
102 ](PVP)[Ru(bpy)](PVP)[Ru(bpy)                          
5.7 
Let us consider a modified version of Equation 5.1 and 5.4 in Scheme 1.  
For convenience in this analysis [Ru]2+ and [Ru]3+ shall represent the 
surface oxidized and reduced forms of [Ru(bpy)2(PVP)10]2+.  It is known 
that the bimolecular cross-reaction between the substrate [CO2-] and 
[Ru]3+ is irreversible as oxalate acts as a sacrificial co-reactant.   
  32 [Ru]e[Ru]                                                                                         
5.1a 
  22
3
2 [Ru]CO[Ru]CO
k                                                                  
5.4a 
Under the conditions presented here, oxalate ions cannot be effectively 
oxidized at the bare electrode surface and hence, it has to be oxidized by 
the Ru3+.  Also for sensitive analysis, it is desirable to have the analyte 
reacting with the mediating centers throughout the film thickness.  This is 
indeed shown to be the case where Hogan and co-workers22 
demonstrated that the emission of light in the ECL reaction between 
[Ru(bpy)2(PVP)10]2+ and oxalate is controlled, not by the rate at which 
catalytic Ru3+ centers are regenerated or the rate at which the analyte 
reaches the electrode surface, but by the rate of cross reaction between 
the analyte and the Ru3+ centers.   
The kinetics of [Ru]2+ / [Ru]3+ redox transformation are facile and they 
can be described by the Nernst Equation 5.8: 
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5.8 
where E is the electrode potential in volts, E0’ is the formal potential of 
the reversible reaction, Equation 5.1, in volts, R is gas constant (8.314 
JK-1 mol-1), T is temperature in Kelvin, n is the stoichiometric number of 
electrons consumed in the electrode reaction (n = 1), F is the Faraday 
constant (96485 Cmol-1), COX is concentration of oxidising specie O and 
CRED is the concentration of reducing specie R, respectively.   
The rate of the reaction described by Equation 5.4a follows second order 
kinetics and can be written as  
r =k [Ru3+] [CO2-]                                                                                              
5.9 
where r is the rate of the reaction, k is the reaction rate constant (M-1s-1), 
[Ru3+] is the concentration of Ru3+ species and [CO2-] is the 
concentration of CO2- radical, respectively.   
Given the rate constant23 of (3.21.0)x102 M-1 s-1 two limiting conditions 
exist.  When the concentration of oxalate is sufficiently high e.g. 100 mM, 
the half-life of analyte will only be  32 ms and the catalytic Ru3+ centers 
are consumed more rapidly than they can be regenerated by 
homogenous charge transport through the layer.  Under these conditions 
the ECL reaction becomes independent of the analyte concentration and 
this gives the upper limit of linear calibration range.  However, for low 
concentrations of oxalate e.g. 1 M, the half-life of the analyte is in the 
order of 3000 s and hence the cross reaction between Ru3+ and oxalate 
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becomes the rate limiting reaction.23  It has been previously reported that 
at such low concentrations substantial background emission is observed, 
i.e., detection of non-zero photo current by the photo multiplier tube 
(PMT) even in the absence of co-reactant.22   
Most of the ECL apparatus10,17,28,29 used by researchers worldwide 
basically contains a photo detector that converts the ECL intensity to a 
voltage.  This measures the D.C. current generated in an optical detector 
as a result of incidence of steady state light source.  Such a detection 
system, though simple and economical, is associated with several flaws.  
Firstly, when very low light signals need to be measured, this kind of 
system becomes more susceptible to random events and noise from 
various sources.  The offset control of the detector has to be adjusted 
correctly to compensate for the detector’s D.C. leak.  If this is not done 
properly then the detector will have a nonzero output even in the 
absence of an optical input like the one seen by Forster and co-
workers.22  Also, these kinds of detectors cannot differentiate between 
stray light entering the system from analytical light signal and hence the 
whole apparatus needs to be confined to light tight environments.   
In order to apply a modulation technique to an ECL detection system, a sine 
wave is used and the potential of the working electrode is modulated.  The 
potential of the working electrode is chosen as the source for modulation as it is 
this potential that is ultimately responsible for producing light.  This induced AC 
potential modulates the light emission.  Thus, an AC signal is generated at the 
detector output, which can be measured synchronously using a lock-in amplifier.  
Lock-in amplifiers have inbuilt synchronous filter whose bandwidth can be 
adjusted.27  By adjusting the bandwidth of the filter to those frequencies close to 
the modulation frequency, noise and stray light can be filtered out.   
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The advantages of this technique not only include sensitive detection of 
a very small change of the input signal exclusively induced by the 
modulation, but also the capability of tracking the kinetics, for example 
the phase shift of the output ac signal with respect to the input ac 
modulation directly reflects how fast the system follows the potential 
change.24  In this chapter, modulated potential ECL, AC impedance 
spectroscopy and equivalent circuit theory are used to describe the 
kinetics of light generation at an electrode polymer electrolyte interface.   
 
5.2 AC IMPEDANCE SPECTROSCOPY  
The basic feature of any biosensor device is the interaction of the biomaterial 
with the conductive support and the electronic transduction of the biological 
function associated with the biological matrix.  Therefore, many of these devices 
involve the formation of a recognition complex between the sensing biomaterial 
and the analyte in a monolayer or thin film configuration deposited on the 
electronic transducer.30  Impedance spectroscopy is a very powerful tool for the 
analysis of the interfacial properties of modified electrodes.  Faradic impedance 
spectroscopy allows the kinetics and mechanisms of bio-electro catalytic 
reactions at the modified electrode surfaces to be analyzed providing important 
information for the development of amperometric biosensors.18,31-34   
In general, in this technique an electrochemical cell is considered to represent an 
impedance to a small applied sinusoidal excitation.18  Hence, an equivalent 
electrical circuit consisting of resistors and capacitors can represent its 
performance.  This circuit will pass current with the same amplitude and phase 
angle as the real electrochemical cell.  When the voltage V cos (t) is applied to 
a circuit element, the resulting alternating current is solely of frequency  
having an amplitude proportional to V.  For a Faradaic circuit the electrode 
process is said to be linear when the applied potential (V) is very small in 
comparison to RT/nF (i.e., 26x10-3 Volts).18  Hence, traditionally small 
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amplitude excitation signals (5-10 mV) were employed to maintain the linearity 
of the system.   
Fast Fourier transform (FFT) techniques that help to interpret data have recently 
made using large amplitude sine waves possible.35-39  Large amplitude 
perturbations introduce non-linearity.  In order to determine the current in such 
systems, one has to employ non-linear system analysis, which is usually quite 
complicated.  However, one has to tread carefully when dealing with FFT.  
FFTs are useful when the analytical signal is stationary i.e., signal whose 
frequency content does not change in time.  However, in practice, most of the 
investigated electrochemical systems are non-stationary.  Strictly speaking, the 
impedance of a non-stationary system is a function of both frequency and time.40  
Although the frequency components of the signal can be found with the Fourier 
techniques it does not give us information about the time at which these 
frequency components occur.41   
Many groups have tried to address the issue of non-linear electrochemical 
impedance spectra in corrosion,40,42 hydrodynamics43 and electro analytical 
chemistry using time accurate transient models.  Zhu and Kee44 also developed a 
model, which not only predicts the response of the system for small amplitude 
perturbations but also for large amplitude perturbations.   
These techniques are very useful in dealing with large amplitude 
perturbations but they involve rigorous computational modelling and 
simulation.  Hence, another popular method extensively used to interpret 
large amplitude electrochemical impedance spectroscopy data is the 
equivalent circuit model (ECM).  The ECM is a phenomenological model 
and hence is easily accepted and understood.  Idealized equivalent 
circuit models are often constructed to simulate the physical and 
chemical processes taking place at a modified electrode surface.40  Also 
each discrete circuit element has a corresponding physical and chemical 
meaning, such as mass-transfer, electron transfer, electrolyte resistance, 
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electrochemical reaction conductance etc.40  Due to this feature, its 
simplicity and ease in diagnosis, this method has been followed herein.   
 211 
 
5.2.1 Equivalent circuit theory: Modified Randle-Ershler circuit 
The impedance characteristics of polymer-modified electrode systems in the 
presence and absence of oxalate species in solution can be modelled using 
modified Randle-Ershler circuit.18,31  This circuit is very commonly used to 
model interfacial phenomena.  It mainly consists of an ohmic resistance of the 
electrolyte solution, RSOL, the Warburg impedance, ZW, due to the diffusion of 
ions from the bulk electrolyte to the electrode interface, the double layer 
capacitance, Cdl, and electron transfer resistance, RCT, that exists when a redox 
specie (co-reactant) is present in electrolyte solution.  Though many studies use 
a generic model it is often difficult to get a good fit.  Hence, it is necessary to 
include more circuit elements like resistors, capacitors, constant phase elements 
etc. to get a good fit.  However, with this approach not all circuit elements can 
be given physical meaning unambiguously.  Moreover, the situation gets more 
complicated when dealing with conducting polymer as charge transport through 
the polymer can occur either by charge hopping or diffusion.45  On the basis of 
the impedance diagrams obtained, an equivalent circuit, as shown in Figure 5.1, 
has been suggested for this [Ru(bpy)2(PVP)10]2+ film system.  Even though 
major part of the Randle-Ershler circuit has been maintained, a few 
modifications have been made.  A resistor representing the film resistance and 
constant phase element describing the roughness of electrode has been added.   
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Figure 5.1: Modified Randle-Ershler model for polymer film electrode with a 
redox species (co-reactant) in solution where, RSOL is electrolyte solution 
resistance, ZW is Warburg impedance, CPE is the constant phase element, RFILM 
and CFILM are resistance and capacitance of the polymer film and RCT is the 
electron transfer resistance.   
 
The elements CPE, RFILM + CFILM and ZW+RCT are introduced in parallel 
as the total current though the working interface will be the sum of 
distinct contributions from the Faradaic process, IF and the double layer 
charging IC.  RSOL is introduced in series since all the current must pass 
through the uncompensated resistance of the electrolyte.  The ligand in 
[Ru(bpy)2(PVP)10]2+ film carries a charge under open circuit conditions 
due to unequal charge distribution in the ligand and pyridine units.  Due 
to this a double layer around the redox center is formed.  This makes the 
polymer-coated electrode behave as a pure capacitor given by CFILM.  
RFILM is interpreted as film resistance due to the penetration of 
electrolyte.   
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5.3 EXPERIMENTAL  
5.3.1 Apparatus  
Electrochemical measurements were carried out with a CH instruments, model 
660 potentiostat.  Cyclic voltammetry was conducted using a typical three-
electrode cell.  An aqueous Ag/AgCl/ saturated KCl (3 M) electrode was used as 
reference and a platinum wire was used as a counter electrode.  The electrodes 
used were first polished with 0.3 m alumina for 10 min, rinsed thoroughly with 
deionized water and then polished again for 10 min with 0.05 m alumina.  
After polishing, the electrodes were thoroughly rinsed, first with deionized 
water and then with acetone to remove all traces of alumina from the surface 
and dried under nitrogen stream.  All solutions were deaerated for 20 min by 
purging with nitrogen prior to electrochemical experimentation.  All potentials 
are quoted versus an Ag/AgCl reference electrode, and all measurements were 
made at room temperature.   
ECL measurements, utilized an Oriel 70680 photo multiplier tube (PMT) 
equipped with a high voltage power supply, (Oriel, model 70705), which was 
used at a bias of -850 V, and amplifier / recorder (Oriel, model 70701).  During 
experiments, the cell was placed inside a specially constructed holder, which 
positioned the working electrode in a reproducible manner directly opposite the 
face of a fiber optic bundle, the other end of which was coupled to the PMT.  
The entire electrode assembly was contained inside a box and no extra measure 
was taken to avoid room light, as shown in Figure 5.2.  The CH instruments 
potentiostat, model 660, which was connected via its external input jack to the 
internal oscillator sine wave output of a SR850–100 kHz DSP lock-in amplifier 
(Stanford Research Systems, Sunnyvale, CA), controlled the working electrode 
potential.   
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Figure 5.2: Experimental apparatus used for potential modulation experiments.   
Impedance spectroscopy was performed using conventional three electrode cell 
and CH instruments, model 760B potentiostat.  An excitation signal of 60 mV 
(peak amplitude) was applied to the electrodes in the presence of 24 dB filter, 
run time 30 s and the frequency of the signal was varied between 1 mHz -100 
kHz.  Modelling and curve fitting were also done using CH instruments, model 
760B potentiostat.   
 
5.4 RESULTS AND DISCUSSIONS  
1% (w/v) [Ru(bpy)2(PVP)10]2+ films (0.55 M of ruthenium sites and  
(4.39±0.06)x10-8 molcm-2), were formed as mentioned in Chapter 3, 
Section 3.3.1, on polished glassy carbon electrodes.  The 
[Ru(bpy)2(PVP)10]2+ films were characterised using profilometry, cyclic 
voltammetry and impedance spectroscopy and have been reported in 
Chapter 3.  These techniques allowed the determination of various 
parameters of the film like thickness and charge transfer diffusion 
coefficient; DCT.  In this chapter, potential modulation coupled with 
synchronous detection was performed on both [Ru(bpy)2(PVP)10]2+ films 
and [Ru(bpy)3]2+ in solution.  The analytical performances of D.C. 
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detection and the modulation technique are reported for both 
immobilised and solution phase reagents.  The electrochemical 
impedance behaviour of the ECL polymer in the presence of co-reactant 
has also been studied.  For the purpose of interpretation, the impedance 
characteristics of this polymer film at different potentials has been 
modelled using modified Randle-Ershler circuit.46,47  The impedance 
spectra and the charge transfer resistances obtained at different 
potentials from the model have also been reported.   
 
5.4.1 Potential dependence of Ru3+concentration in the film  
It is known that for electrode processes involving fast heterogeneous charge 
transfer kinetics the surface concentrations of the oxidized and reduced species 
are related to the electrode potential by the Nernst equation18 i.e., Equation 5.8.  
In the modulation experiment used here the surface potential is altered by 60 
mV.  This change is rapid at high-applied frequency and slow at low frequency.  
In order to evaluate how quickly the Faradaic system responds to this 
modulation it is important to know the number of electroactive Ru3+ present in 
the polymer film at a particular potential.  The potential dependence of 
electroactive Ru3+ was calculated using formal potential, E0’ =1.08, for 
[Ru(bpy)2PVP10]2+ film from Figure 5.5 and the Nernst equation at different 
potentials.   
 217 
 
y = 0.0256Ln(x) + 1.08
R2 = 1
0.7
1
1.3
1.6
0.0 0.1 10.0 1000.0
[Ru3+]/[Ru2+]
Po
te
nt
ia
l /
 V
 
Figure 5.3: Potential dependence of the Ru3+ species present in a thin film of 
[Ru(bpy)2(PVP)10]2+.  The [Ru(bpy)2(PVP)10]2+ film was obtained by drop 
casting 50 L of 1% (w/v) polymer in 1:1 DMF: Ethanol mixture on a 3 mm 
diameter glassy carbon electrode and its surface coverage is (4.39±0.06)x10-8 
molcm-2.  The curve is linear over potential range 0.95 V-1.2 V and the 
regression and slope for this region is reported in the inset.   
 
From the Figure 5.3, it is observed that after 0.95 V the Ru3+ concentration 
increases linearly with applied potential between 1.0 V and 1.15 V.  At 
potentials greater than 1.2 V all the Ru2+ reaching the electrode surface are 
converted to Ru3+ and hence, the concentration of Ru2+ can be assumed to be 
zero at the polymerelectrolyte interface.   
It has been established that significant quenching of Ru2+* by Ru3+ can occur in 
polymer films due to high concentration of the emitting centers within the 
film.48  As shown earlier the emissive Ru2+* state is created from the reduction 
of the electrogenerated Ru3+ state by the co-reactant.  In the presence of high 
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Ru3+ concentration within the film, rather than the desired light emission 
process, Ru2+* can be self quenched by electron transfer to Ru3+.   
Therefore, it is important to determine the relationship between ECL intensity 
and the ratio of Ru3+/Ru2+.  Figure 5.4 illustrates relative ECL intensity as a 
function of % Ru3+.   
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Figure 5.4: Dependence of ECL intensity on the percentage of oxidation of 
Ru2+ species present in the thin film of [Ru(bpy)2(PVP)10]2+ on GCE (●) and in 
1.0 mM [Ru(bpy)3]Cl2 in solution (▲).  0.1 M PBS buffer (pH 7) was used as 
supporting electrolyte in the presence of 1 mM Na2C2O4 co-reactant.  A GCE 
working electrode was used and the surface coverage of [Ru(bpy)2(PVP)10]2+ 
film was (4.39±0.06)x10-8 molcm-2.   
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As expected, Figure 5.4 shows that ECL is absent at extremely low 
concentrations of Ru3+ and as the concentration of Ru3+ centers increases, ECL 
intensity also increases linearly, until a peak intensity is reached.  Beyond this 
point, a drop in the ECL intensity is seen due to self quenching.   
 
5.4.2 Potential modulation of solution phase & surface confined 
species 
Source modulation coupled with synchronous detection when applied to surface 
bound [Ru(bpy)2(PVP)10]2+/Oxalate ECL system and solution phase 
[Ru(bpy)3]2+/Oxalate has the possiblity of eliminating background and giving 
high S/N ratio and can also give valuable insight into the kinetics of the two 
systems.  The results for solution phase [Ru(bpy)3]2+/Oxalate system have been 
published21 and hence it serves as a model system against which the results of 
the new surface confined system can be compared.   
Figure 5.5 shows the D.C. potential dependence of current (A) and emission 
intensity (B) respectively of a thin [Ru(bpy)2(PVP)10]2+ film { (4.39 ±0.06)x 
10-8 molcm-2}.  The co-reactant used was 1 mM sodium oxalate dissolved in 0.1 
M PBS buffer (pH 7).   
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Figure 5.5: D.C. Potential dependence of current (A) and emission intensity 
(B), respectively, of a thin [Ru(bpy)2(PVP)10]2+ film in the presence of (▬) and 
absence of (▬) 1 mM Na2C2O4 co-reactant.  Blank glassy carbon electrode 
without polymer, in the absence of oxalate is shown as (▬).  The 
voltammogram was carried out in 0.1 M PBS buffer (pH 7) with glassy carbon 
electrode as working electrode at scan rate 0.1 Vs-1.  The surface coverage of the 
[Ru(bpy)2(PVP)10]2+ film is (4.39±0.06)x10-8 molcm-2.   
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From Figure 5.5 (A) it is seen that the mediated oxidation of 
[Ru(bpy)2(PVP)10]2+ film through interaction with oxalate occurs at 1.12 V.  
Also this mediated oxidation is accompanied by significant emission of light as 
seen in Figure 5.5 (B).  The onset of light coincides with the potential where the 
Ru3+ species are generated.  This behaviour is expected as oxalate reduces the 
electrogenerated Ru3+ species to the excited reduced product Ru2+* which 
relaxes to the ground state by emitting a photon as per Scheme 1.   
 
5.4.3 Determination of optimum modulation parameters 
In order to apply the above technique, an optimum D.C. potential and amplitude 
of the sine wave had to be determined.  Figure 5.6 shows a plot of D.C. potential 
dependence of ECL intensity for [Ru(bpy)2(PVP)10]2+ film (solid blue line) and 
[Ru(bpy)3]2+ (dotted blue line) in solution.  The term D.C. potential here refers 
to the base applied potential.  Examination of this plot reveals that emission of 
light for both cases begins only after 1.0 V and there are regions i.e.,  1 V 
where application of potential does not produce any light.   
The maximum ECL intensity is observed at 1.12 V and 1.16 V for 
[Ru(bpy)2(PVP)10]2+ film and [Ru(bpy)3]2+ in solution, respectively.  Hence the 
maximal and minimal intensity regions can be treated as fully “on” and fully 
“off” regions of light.  Jirka et.al.,21 conducted similar studies with luminol/ 
H2O2 system and [Ru(bpy)3]2+/Oxalate system and found that for 
[Ru(bpy)3]2+/Oxalate system the optimum center potential was potential at half 
maximum emission in the D.C. ECL voltammogram.  Significantly, similar 
results were observed in [Ru(bpy)2(PVP)10]2+ film and hence the potential at 
which half maximum emission in the D.C. ECL was observed was chosen as the 
optimum center potential for both the film and solution.  As smaller modulation 
amplitude provides for a more selective measurement by narrowing down the 
potential range over which ECL emission is observed, the smallest modulation, 
which gave good, stable signals, i.e., 60 mV (0.042 Vrms), was chosen as the 
modulation amplitude.   
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Figure 5.6: D.C. Potential dependence of ECL intensity for a thin 
[Ru(bpy)2(PVP)10]2+ film (▬) and 1.0 mM [Ru(bpy)3]2+ in solution (▬) in the 
presence of 1 mM Na2C2O4 co-reactant.  The voltammogram was carried out in 
0.1 M PBS buffer (pH 7) with glassy carbon electrode as working electrode at 
scan rate 0.1 Vs-1.  The surface coverage of the [Ru(bpy)2(PVP)10]2+ film is 
(4.39±0.06x)10-8 molcm-2.   
 
5.4.4 Frequency dependence of modulated ECL 
The dependence of the modulated ECL intensity on the modulation frequency 
was determined.  In order to perform this measurement on the 
[Ru(bpy)2(PVP)10]2+ film, the lock-in amplifiers’ internal oscillator was set to a 
particular frequency with a sine wave of 60 mV amplitude (0.042Vrms).  To 
this, a constant D.C. potential of 1.08 V was applied.  Thus, the ECL was 
modulated between 1.14 and 1.02 V which modulated the ECL intensity at the 
modulation frequency.   
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Figure 5.7 shows the dependence of ECL emission intensity on applied 
frequency for frequencies ranging between 0.001-100 Hz after synchronous 
filtering.   
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Figure 5.7: Dependence of modulated ECL intensity on modulation frequency 
of 1 mM [Ru(bpy)3]2+ in solution () and a thin [Ru(bpy)2(PVP)10]2+ film ().  A 
sine wave of 50 mV (0.034 Vrms), 1.06 V center potential and 60 mV (0.042 
Vrms), 1.08 V center potential was applied for [Ru(bpy)3]2+ and 
[Ru(bpy)2(PVP)10]2+ film respectively, at a range of frequencies from 0.001-100 
Hz.  GCE was used with 0.1 M PBS buffer (pH 7) as supporting electrolyte in 
the presence of 5 mM Na2C2O4 co-reactant.  The surface coverage of the 
[Ru(bpy)2(PVP)10]2+ film is (4.39±0.06)x10-8 molcm-2.   
Figure 5.7, shows marked differences between the species in solution and the 
one in film.  Firstly, in both the cases the ECL intensity has a peak.  This peak 
means that there is an optimum frequency at which maximum emission is 
observed and on either side of the maximum frequency, the intensity of emission 
drops.  From the plot it also appears that while the optimum frequency for 
[Ru(bpy)3]2+ is centered around 1 Hz, for [Ru(bpy)2(PVP)10]2+ film it is around 
250 mHz.  Although it cannot be quantitatively ascertained, it appears that the 
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[Ru(bpy)3]2+/Oxalate ECL reaction is faster than the 
[Ru(bpy)2(PVP)10]2+/Oxalate system.  Also, for both the systems, the intensity 
observed is 3 orders of magnitude lower than the constant potential signal under 
the same conditions and is accompanied by a phase shift.  This is however 
expected as emission of light decays with time and this leads to a shift in the 
phase compared to the input signal.  The output of the lock in amplifier is a 
product of two sine wave functions.  Thus, as the two sine waves are multiplied, 
the ultimate amplitude of the signal will be half its initial value.49   
 
5.4.5 Analytical performance 
5.4.5.1 Limit of detection (LOD) 
Calibration curves for both D.C. and modulated potential conditions were 
obtained for [Ru(bpy)2(PVP)10]2+ film ( is 4.39±0.06x10-8 molcm-2).  For 
modulated ECL, 250 mHz and 1 Hz sine were applied to the film at different 
oxalate concentrations.  The run time of each measurement was 30 s.  On 
application of a modulated potential a sharp increase in the signal intensity 
could be seen which dropped significantly when the potential input was stopped.  
A similar response was observed with a phase shift where application of 
modulated potential caused the randomly changing phase angle to be fixed to a 
particular value.  It remained at this value until the stimulus was present and 
when the potential stimulus was removed, it became random again.  This 
behaviour of the ECL intensity and phase shift is as shown in Figure 5.8 (A) and 
(B) respectively.   
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Figure 5.8: Modulated ECL intensity (A) and corresponding phase shift (B) 
observed when a thin [Ru(bpy)2(PVP)10]2+ film is subjected to a sine wave of 60 
mV (0.042 Vrms), 1.08 V center potential with 30 s run time 24 dB filter and 
250 mHz frequency.  The film was formed on GCE and the electrolyte was 0.1 
M PBS buffer (pH 7) with 100 M Na2C2O4 as co-reactant.  The surface 
coverage of the [Ru(bpy)2(PVP)10]2+ film is (4.39±0.06x)10-8 molcm-2.   
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Calibration curves showing the dependence of ECL intensity for the D.C. 
detection technique is shown Figure 5.9.  It is seen that the calibration curve is 
highly linear with sensitivity being 0.9 intensity units per mM oxalate 
concentration.  Figure 5.10 shows the dependence of ECL intensity for 
modulation technique and Table 5.1 gives the corresponding values for D.C., 
250 mHz modulation frequency and 1 Hz modulation frequency, respectively.  
The dependence of phase shift on oxalate concentration is as shown in Figure 
5.11 with Table 5.2 giving the corresponding values.   
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Figure 5.9: Calibration plot obtained for thin [Ru(bpy)2(PVP)10]2+ film under 
un-modulated D.C. potential.  The film was formed on GCE and the electrolyte 
was 0.1 M PBS buffer (pH 7) with different Na2C2O4 concentrations.  The 
surface coverage of the [Ru(bpy)2(PVP)10]2+ film is (4.39±0.06)x10-8 molcm-2 
and the voltammogram was performed at 0.1 Vs-1  scan rate.   
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Figure 5.10: Calibration plots obtained for [Ru(bpy)2(PVP)10]2+ film under 
modulated potential at 250 mHz (▲) and 1 Hz (▲).  A sine wave of 60 mV 
(0.042 Vrms), 1.08 V center potential was applied on polymer modified GCE 
electrode in 0.1 M PBS (pH 7) buffer electrolyte and different Na2C2O4 
concentrations.  The surface coverage of the [Ru(bpy)2(PVP)10]2+ film is 
(4.39±0.06)x10-8 molcm-2.   
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Table 5.1: Calibration plot values obtained for [Ru(bpy)2(PVP)10]2+ film under 
un-modulated D.C. potential, 250 mHz modulated potential and 1 Hz modulated 
potential.  For modulation a sine wave of 60 mV (0.042 Vrms), 1.08 V center 
potential was applied on modified GCE electrode in 0.1 M PBS (pH 7) buffer 
electrolyte and different Na2C2O4 concentrations.  The surface coverage of the 
[Ru(bpy)2(PVP)10]2+ film is (4.39±0.06)x10-8 molcm-2.   
[Na2C2O4] 
/mM 
D.C. 
Intensity10-2 
/ A.U. 
250 mHz. 
Intensity/A.U. 
1 Hz. 
Intensity 
/A.U. 
1 112 4 7.40.3 3.40.3 
1.1.1.1.1 0
.5 
42.83 5.90.2 2.60.2 
1.1.1.1.2 0
.3 
294 4.70.4 1.60.4 
0.2 18 4 3.00.4 1.00.4 
1.1.1.1.3 0
.1 
7.43 2.10.2 0.50.2 
1.1.1.1.4 0
.05 
1.30.7 1.10.2 0.30.1 
1.1.1.1.5 0
.03 
0.600.2 0.60.002  
1.1.1.1.6 0
.01 
0.020.01 0.30.002  
1.1.1.1.7 0
.00
 0.0002810-5  
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Figure 5.11: Change in phase with respect to oxalate concentration for 
[Ru(bpy)2(PVP)10]2+ film on GCE when subjected to potential modulation at 
250 mHz () and 1 Hz () using a sine wave of 60 mV (0.042 Vrms), 1.08 V 
center potential, in 0.1 M PBS (pH 7) buffer electrolyte and different Na2C2O4 
concentrations.  The surface coverage of the [Ru(bpy)2(PVP)10]2+ film is 
(4.39±0.06)x10-8 molcm-2.   
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Table 5.2: Change in phase obtained for [Ru(bpy)2(PVP)10]2+ under un-
modulated D.C. potential, 250 mHz modulated potential and 1 Hz modulated 
potential.  For modulation a sine wave of 60 mV (0.042 Vrms), 1.08 V center 
potential was applied on modified GCE electrode in 0.1 M PBS (pH 7) buffer 
electrolyte and different Na2C2O4 concentrations.  The surface coverage of the 
[Ru(bpy)2(PVP)10]2+ film is (4.39±0.06)x10-8 molcm-2.   
[Na2C2O4] /mM 
250 mHz Phase 
shift /deg 
1 Hz Phase shift 
/deg. 
1 -78.74 -135.24 
1.1.1.1.8 0. -71.59 -133.29 
1.1.1.1.9 0. -71.98 -133.64 
0.2 -77.14 -136.04 
1.1.1.1.10 0. -76.04 -132.84 
1.1.1.1.11 0. -75.24 -135.01 
1.1.1.1.12 0. -79.99  
1.1.1.1.13 0. -88.08  
1.1.1.1.14 0. -65.03  
 
Further examination of the calibration curves reveals that the modulated 
potential technique with 250 mHz modulation frequency has a lower detection 
limit of 5 M, where as the D.C. technique can detect concentrations of 10 M 
of oxalate.  The modulated potential technique with 1 Hz modulation frequency 
has the highest detection limit of only 50 M.  However, all three techniques 
have similar dynamic range and are linear over a wide range of concentrations 
i.e., 10 M-0.5 mM.  It is also significant to note that the modulation technique 
shows a higher sensitivity with slope equal to 15.6 (250 mHz) and 5.2 (1 Hz) 
intensity units mM-1 when compared to the un-modulated D.C. with a slope of 
0.93 intensity units mM-1.  The results of three calibration charts are 
summarized in Table 5.3.   
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Table 5.3: Calibration curve parameters for surface confined 
[Ru(bpy)2(PVP)10]2+/ oxalate system.  The surface coverage of the 
[Ru(bpy)2(PVP)10]2+ film is (4.39±0.06)x10-8 molcm-2.   
Method Frequency/Hz LOD/M 
Sensitivity / 
ECLINTENSITY/
mMOXALATE 
D.C.ECL - 10 0.93 
1.1.1.1.15 M
od. 
0.25 5 15.6 
1.1.1.1.16 M
od. 
1.0 50 5.2 
 
It is significant to note that when the logarithm to base 10 of the 
calibration curves is calculated for surface confined 
[Ru(bpy)2(PVP)10]2+/Oxalate system and compared to the solution phase 
[Ru(bpy)3]2+/Oxalate system reported by Nieman et.al., under D.C. 
conditions, the solution phase system has lower slope of 0.81321 where 
as the surface confined system has a greater slope of 1.4.  However, the 
solution phase system reported by Nieman et.al.,21 has a lower limit of 
detection (LOD) of 3 M.  Whereas the surface confined system can 
clearly detect up to 10 M of oxalate.  The modulation technique (250 
mHz) on the other hand, under optimised conditions shows a lower LOD 
of 5 M, lower than the D.C. technique.  Significantly, when the 
sensitivity of the modulation technique is considered it exhibits a far 
greater sensitivity of 15.6, 14 units higher than the one reported in 
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literature21 for solution phase system at 1 Hz.  Thus, the surface confined 
D.C. experiments are more sensitive with higher signal to noise ratios 
compared to solution phase D.C. experiments and modulated potential 
experiments are more sensitive with higher limits of detection when 
compared to D.C. techniques.   
Analysis of Figure 5.11 could give valuable information about the kinetics 
of the system considered.  It can been that for both solution and film 
systems the frequencies the output signals lags by an angle.  This is 
expected as after application of the potential it takes time for the 
chemical system to react to the stimulus and hence the output signal 
lags behind the input.  However, it is surprising to see that on application 
of 250 mHz modulation, the phase shift is just 7512 deg whereas under 
1 Hz modulation the system response is much slower with lag of nearly 
140 deg.   
Also it is seen that at higher concentrations of oxalate the phase shift is 
fairly constant (12 deg) but at low concentraions the constancy of the 
phase shift is perturbed and it no longer appears to have a constant 
value for a particular frequency.  This is more clearly seen at 250 mHz 
than at 1 Hz.  This could reflect the two limiting regimes mentioned in 
Section 5.1, i.e., when the concentration of oxalate is sufficiently highy 
the half life of the analyte is very short and the catalytic Ru3+ centers are 
consumed more rapidly than they can be regenerated by homogenous 
charge transport through the layer.  Under these conditions the ECL 
reaction becomes independent of the analyte concentration and thus 
phase change remains fairly constant.  However, at low concentrations 
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of oxalate the cross reaction between Ru3+ and oxalate becomes the rate 
limiting reaction and it depends on the diffusion of oxalate species from 
the solution to the surface of the electrode.23  This could be the reason 
for a non constant phase shift observed at low concentrations.   
 
5.4.5.3 Determination of kinetic parameters  
The response of the polymer layer depends on the relative size of the diffusion 
layer  and the polymer film thickness .  Based on the sizes, two limiting cases 
arise namely thin-layer behaviour ( >> ) and semi-infinite diffusion behaviour 
( << ).  Most redox polymers exhibit behaviour, which is intermediate 
between these two limiting cases called finite diffusion behaviour.50  As 
mentioned, the important parameter in determining the extent of diffusion 
effects depends on  and .  The thickness of the diffusion layer in turn depends 
on charge transfer diffusion coefficient, DCT and experimental time scale, t.  The 
effects of DCT,  and  can be expressed by a dimensionless parameter  given 
by Equation 5.10.31   
2
 CT
tD
                                                                                                           5.10 
Using the calculated value of DCT of the [Ru(bpy)2(PVP)10]2+ film, 4.28x10-11 
cm2s-1, film thickness of 81 kÅ and experimental time t being 50 s,  is 
calculated to be 0.3.  If  > 1 the polymer film exhibits thin-layer behaviour but 
if <1, semi-infinite diffusion behaviour can been seen.  Hence, the polymer 
film considered above exhibits semi-infinite linear diffusion behaviour in the 
high frequency kinetic control regime, where f = 3.16x10-3 Hz and therefore  = 
0.019 rads-1.   
Impedance analysis of the polymer film will allow the interfacial properties of 
the modified electrode to be studied.  Hence, in order to obtain an impedance 
spectra of the ECL polymer film withouth the co-reactant in solution, an AC 
sine modulation of 60 mV (peak amplitude) was applied over a range of D.C. 
 234 
potentials starting from 0.8 V to 1.3 V vs. Ag/AgCl, over a frequency range of 1 
mHz-100 KHz, in 0.1 M PBS buffer (pH 7), to the polymer coated glassy carbon 
electrodes.  Depending on the center potential applied to the electrode, the 
concentration of the Ru3+ and Ru2+ species varies.  Figure 5.12 shows the 
impedance plane plot obtained at different center potentials.   
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Figure 5.12: Nyquist plots recorded for [Ru(bpy)2(PVP)10]2+ film on GCE with 
an AC sine modulation of 60 mV (peak amplitude), over a range of D.C. center 
potentials, 1.0 V (), 1.08 V (), 1.2 V () and 1.3 V () vs. Ag/AgCl, at 
frequency range of 1 mHz-100 KHz, in 0.1 M PBS buffer electrolyte (pH 7).  
The surface coverage of the [Ru(bpy)2(PVP)10]2+ film is (4.39±0.06)x10-8 
molcm-2.   
By fitting a semi-circular arc to the high frequency charge transfer regime, as 
shown in Figure 5.13, solution resistance (RSOL), charge transfer resistance (RCT) 
and maximum angular frequency (max) were obtained.  The double layer 
capacitance (Cdl), and  (time constant for the Faradaic process) at different 
applied potentials can be obtained from Equations 1.30, 1.31 and 1.32 in 
Chapter 1.  In the absence of oxalate in solution, Equation 1.26, and 1.28, 
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Chapter 1, where the terms have their usual meaning, were used to calculate the 
values of I0 and kS.18,50,51.  These parameters are summarised in Table 5.4.   
]CCnFAkI R
)-(1
OS0
                                                                                          1.26 
0
CT nFI
RTR                                                                                                        1.28 
Comparing the impedance plot in Figure 5.14 to the ideal one, i.e., Figure 3.5, 
Chapter 3, it can be seen that at 1.0 V center potential the impedance plot shows 
just the semicircular region over the entire range of applied frequencies.  The 
absence of any linear region at low frequency is due to the absence of diffusion 
controlled charge transport through the bulk of the film.  For thicker films 
charge saturation dominates only at very low frequencies and diffusional control 
is seen over a large frequency range.  [Os(bpy)2(PVP)xCl]Cl films exhibit 
purely capacitive behaviour at low frequencies.4  This was observed in the form 
of a sharp rise in the ZIM by Sharp et.al.4  For [Ru(bpy)2(PVP)10]2+ films 
however it is observed that the diffusional control dominates over the charge 
saturation region in the frequency range applied and hence a vertical line 
perpendicular to the real axis is not observed.   
At 1.0 V, as seen from Figure 5.3, not all ruthenium centers are oxidized and 
interfacial electron transfer controls impedance within the entire range of the 
applied frequency.  The large depressed semicircle signifies very sluggish 
electron transfer kinetics and a possible blocking behaviour of the polymer 
electrode.  By fitting a semi-circular arc to the experimental data as shown in 
Figure 5.13, the values of RSOL = 500  and RCT = 3.7 M are obtained at this 
potential.  At the formal potential however, there is a small diffusion tailing seen 
in the Warburg diffusion region but the angle of the straight line is lesser than 
the expected value of 45.31,34,52,53  The observation of the diffusional tailing is 
not clearly understood but could be due to charge propagation through the 
polymer layer.  Also a straight line at an angle less than 45 is usually observed 
when the surface of the modified electrode is rough or the polymer layer is 
inhomogeneous.  These two characteristics of the interface can be accounted for 
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by introducing a constant phase element (CPE)31,52 instead of a pure capacitor 
while designing an equivalent electrical circuit like the one shown in Figure 5.1.   
A further increase in the center potential causes the diameter of the impedance 
arc, which measures the charge transfer resistance across the electrode surface, 
to decrease as shown in Figure 5.13.  The negative capacitive behaviour seen at 
very low frequencies and at higher potentials is due to the ingress of charge 
compensating counter ions into the polymer film from the electrolyte 
solution.44,54   
0.0
0.5
1.0
1.5
2.0
2.5
0.0 1.0 2.0 3.0 4.0 5.0
ZRE / M
-Z
IM
 /  M

 
Figure 5.13: Semicircular arc fit for impedance plane plot for 
[Ru(bpy)2(PVP)10]2+ film on GCE the absence of co-reactant at 1.0 V (), 1.08 V 
(), 1.2 V () and 1.3 V () applied potentials.  An AC sine modulation of 60 
mV (peak amplitude), D.C. center potentials 1.0 V vs. Ag/AgCl, at frequency 
range of 1 mHz-100 KHz, in 0.1 M PBS buffer electrolyte (pH 7).  The surface 
coverage of the [Ru(bpy)2(PVP)10]2+ film is (4.39±0.06)x10-8 molcm-2.   
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Table 5.4: Kinetic parameters evaluated for Ru(bpy)2(PVP)10]2+ film on GCE in 
the absence of co-reactant at different potentials.  The surface coverage of the 
[Ru(bpy)2(PVP)10]2+ film is (4.39±0.06)x10-8 molcm-2. 
E /V 
RCT / 
M 
max/ 
Hz 
Cdl / 
F 
 / s 
I0/ 
Acm-2 
10-6 
kS/ 
cms-1 
10-9 
DCT/ 
cm2s-1 
10-11 
1.00 3.7 0.13 2.1 7.8 0.3 0.15 4.7 
1.08 2.1 0.11 4.4 9.2 1.2 0.5 12.0 
1.15 0.6 0.23 7.3 4.4 2.0 1.0 16.2 
1.2 3.0 0.34 0.9 2.7 0.12 0.08 7.5 
1.3 1.2 0.42 1.9 2.4 2.15 3.0 10.2 
 
Similar AC impedance measurements were done with 1 mM sodium oxalate in 
0.1 M PBS buffer (pH 7).  The impedance plot is as shown in Figure 5.15.   
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Figure 5.14: Impedance plane plots recorded for [Ru(bpy)2(PVP)10]2+ film on 
GCE in the presence of 1 mM sodium oxalate co-reactant in solution, with an 
AC sine modulation of 60 mV (peak amplitude), over a range of D.C. potentials, 
1.0 V (),1.15 V (), 1.2 V () and 1.3 V () vs. Ag/AgCl, at frequency range of 
1 mHz-100 KHz, in 0.1 M PBS buffer electrolyte (pH 7).  The surface coverage 
of the [Ru(bpy)2(PVP)10]2+ film is (4.39±0.06)x10-8 molcm-2.   
In presence of oxalate also it is observed that at 1.0 V, the film exhibits sluggish 
behaviour but the RCT is roughly three times lesser than in the absence of 
oxalate, as shown in Figure 5.15.  As the center potential is increased to 
potential where oxalate begins to oxidize, Warburg diffusion region at low 
frequency represented by a straight line at an angle less than 45 is observed.  
Also, a well defined but depressed semi-circular charge transfer resistance 
region at high frequencies is observed.  As the applied potential is constantly 
increased, a point is reached (1.3 V) where there is ingress of charge 
neutralising ions and the appearance of negative capacitance.  In the presence of 
co-reactant by fitting a semi-circular arc to the high frequency charge transfer 
regime, as shown in Figure 5.15, solution resistance (RSOL), charge transfer 
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resistance (RCT) and maximum angular frequency (max) were obtained.  The 
double layer capacitance (Cdl), and  (time constant for the Faradaic process) at 
different applied potentials can be obtained from Equations 1.30, 1.31 and 1.32 
in Chapter 1.  Equation 1.27, and 1.28, Chapter 1, were used to calculate the 
values of I0 and kS where the terms have their usual meaning.18,50,51  These 
parameters are summarised in Table 5.5.   
)/RT]EαnF(Eexp[CnFAkI 0'DCOS0                                                            1.27 
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Figure 5.15: Semicircular arc fit for impedance plane plot for 
[Ru(bpy)2(PVP)10]2+ film on GCE in the presence of 1 mM sodium oxalate co-
reactant at 1.08 V (), 1.15 V (), 1.2 V () and 1.3 V () applied potentials.  An 
AC sine modulation of 60 mV (peak amplitude), D.C. center potentials 1.0 V vs. 
Ag/AgCl, at frequency range of 1 mHz-100 KHz, in 0.1 M PBS buffer 
electrolyte (pH 7).  The surface coverage of the [Ru(bpy)2(PVP)10]2+ film is 
(4.39±0.06)x10-8 molcm-2.   
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Table 5.5: Kinetic parameters evaluated for Ru(bpy)2(PVP)10]2+ film on GCE in 
the presence of 1 mM sodium oxalate co-reactant at different potentials.  The 
surface coverage of the [Ru(bpy)2(PVP)10]2+ film is (4.39±0.06)x10-8 molcm-2.   
E /V 
RCT / 
M 
max/ 
Hz 
Cdl / 
F 
 / s 
I0/ 
Acm-2 
10-6 
kS/ 
cms-1 
10-8 
DCT/ 
cm2s-1 
10-11 
1.00 1.3 0.09 8.92 11.24 0.3 0.036 4.7 
1.08 0.3 0.61 5.44 1.63 1.2 0.67 12.0 
1.15 0.18 0.51 10.8 1.96 2.0 4.28 16.2 
1.2 0.18 0.6 8.99 1.63 2.03 11.3 7.5 
1.3 0.17 1.6 3.59 0.62 2.15 82.0 10.2 
 
When sodium oxalate (co-reactant) is present in the electrolyte solution 
there is diffusion of oxalate ions into the polymer matrix.  This diffusion is 
taken into account by the introduction of the series Warburg element, ZW, 
and the charge transfer resistance, RCT, to the equivalent circuit shown in 
Figure 5.1.   
In the absence of co-reactant the DCT value obtained at 1.0 V is very close to the 
DCT value obtained for [Ru(bpy)2(PVP)10]2+ film from cyclic voltammetry 
(4.7x10-11 cm2s-1).  This is quite expected, as the perturbation of 60 mV would 
bring the actual potential experienced by the film to values close to its formal 
potential.  As this is a dynamic system, the absolute values of the DCT do not 
give us much information.  The change of DCT with increasing potential enables 
us to predict that as the potential is increased the DCT increases to some extent 
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and beyond a certain point it begins to drop.  This is what would be expected 
from the kinetics of the system as beyond a certain potential, diffusion effects 
will be dominant and there will be a shift from charge transfer control regime to 
diffusion control regime.  In the presence of co-reactant the values of DCT 
observed are an order of magnitude higher than in the absence of co-reactant.  
The rate constant for cross-reaction however deviate by significant amounts and 
the values predicted by the model are too small.  The expected value for the rate 
constant of cross reaction is 307 cms-1 2.  This indicates that there may be still 
some circuit elements which are playing key role in the determination of the 
kinetics of the system which have not been considered in the above model.  No 
change in the diffusion coefficient value is seen in the presence and absence of 
co-reactant.  Hence, it is clear that the model has not considered oxalate co-
reactant in solution and additionaly components need to be added to get a better 
fitting model.  The experimental data points were fit to the modified Randle-
Ershler circuit shown in Figure 5.1 using CH Instruments 760B simulation 
software.  The values obtained are as shown in Table 5.6.  Error is quoted for the 
fitting of the entire dataset to the electrical circuit.   
Table 5.6: Kinetic parameters obtained from best fit curve usign CH 
instruments simulation software for modified Randle-Ershler circuit for thin 
[Ru(bpy)2(PVP)10]2+ film on GCE in the presence of 1 mM sodium oxalate co-
reactant at different potentials.  The surface coverage of the [Ru(bpy)2(PVP)10]2+ 
film is (4.39±0.06)x10-8 molcm-2.   
E /V 
RFILM 
/  
RCT/ 
M 
ZW/ 
s-0.5 
CPE/
F 
CFILM/ 
F 
DCT/ 
cm2s-1 
10-11 
Error 
1.08 253 0.9 0.9 12.5 0.42 2.0 0.13 
1.15 229 0.7 0.9 12.2 7.1 0.13 0.25 
1.2 277 0.24 2x10-5 7.2 6.6 8.5 0.26 
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Rsol value was obtained to be 110-20 .   
 
From simulations, it is observed that the modified Randle-Ershler model fits the 
data set.  DCT values lie in the predicted range but the charge transfer resistance 
values are somewhat lower.   
 
5.5 CONCLUSIONS 
From the equivalent circuit model the Dct at 1.08 V is 2.0x10-11 cm2s-1 and the 
average charge transfer diffusion coefficient from cyclic voltammetry was 
calculated to be 4.2x10-11 cm2s-1.  When the RFILM and CFILM values are 
compared, a very good correlation between the model and experimentally 
calculated values with an error of just 0.25 is obtained.  Hence the modified 
Randles-Ershler circuit can sufficiently explain the [Ru(bpy)2(PVP)10]2+ ECL 
system considered here.  However, it is incapabale of predicting the rate of cross 
reaction between the co-reactant and the Ru3+ . Further additions to the electrical 
circuit are necessary.   
Therefore, in conclusion, the modulated potential technique, not only allows to 
detect micro molar concentrations of oxalate in the system but also gives greater 
sensitivity.  The phase locked method allows ECL detection to be performed 
outside the ‘black box’ conditions and thus this technique has great potential in 
the development of flow though and non-flow through ECL sensors.  A 
modified Randle–Ershler circuit has been successfully developed which can 
sufficiently explain the [Ru(bpy)2(PVP)10]2+/Oxalate ECL system.   
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6.1 INTRODUCTION 
Micro arrays of biomolecules are emerging as powerful diagnostic tools for 
genomics and proteonomics as they allow screening of biologically important 
binding events in a parallel and high throughput fashion.1  As the microarrays 
are fabricated on solid support, the nature of the support, coating on its surface 
and immobilization strategies, all play pivotal role in its success.  Indium tin 
oxide films have been used widely due to their conductive and optically 
transparent characteristics.2  Previous research with single walled carbon 
nanotube (SWCNT) forests3,4 showed that efficient, direct electronic 
communication was achieved between highly conductive nanotubes and the 
peroxidase enzymes conjugated at their ends.  CNTs have attracted the 
researchers as nano scale building blocks for diagnostic devices as they posses a 
unique combination of excellent mechanical, electrical and electrochemical 
properties.5,6  Significantly vertically aligned carbon nanotubes are more 
advantageous for sensor application than non-aligned ones, since the edges of 
the nanotubes are exposed.  This orientation of the nanotube has been shown to 
exhibit the highest electro catalytic activity coupled with fast electron transfer.6  
The self assembly of single walled carbon nanotube into vertical forest like 
structures through coordination of the carboxylic acid groups of acid oxidized 
SWCNT to Fe3+ adsorbed on a nafion-coated pyrolytic graphite electrode, has 
already been reported.4,7,8  This fabrication technique is simple compared to 
other techniques like electron beam lithography9 or chemical vapour 
deposition10 which lead to the formation of vertically aligned nanotubes.  These 
platforms have enabled researchers to achieve high sensitive detection of cancer 
biomarkers with a detection limit of 4 nM for prostrate specific antigen.3  Also 
the forests are carboxyl terminated which makes them attractive for 
functionalization of biomolecules.  In all the previous reports the SWCNT 
forests have been assembled on non transparent pyrolytic graphite substrates.  In 
this chapter the patterned assembly of nanotube forests on transparent ITO 
substrates has been reported.  Also two different methodology, drop coating and 
inkjet printing has been attempted along with ultrasensitive detection of proteins 
by a novel approach using G1.5 acid terminated PAMAM dendrimers as size 
selective protein linkers.  Particle based assays have gained great importance as 
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electrochemical11 and luminescence12 signal enhancers.  Particles can be easily 
used for multiplexing and offer a large surface area for the attachment of 
biomolecules or luminophores.13  Metal14 and silica nanoparticles15 have been 
extensively used for signal enhancement and detection limits of 0.5 nM for 
prostate specific antigen and 2.98 nM for TPA respectively, have been achieved.  
As ECL signal from a single ruthenium molecule will be miniscule compared to 
the signal from a million molecules, amine functionalized silica nanospheres 
have been used for signal enhancement.  In order to coat the silica nanospheres, 
high brightness luminescent [Ru(bpy)2PICH2]2+ complex with a quantum yield 
=0.067 i.e., 30% higher than the quantum yield of [Ru(bpy)3]2+ was used.16  
Thus this chapter gives an overview of the SWCNT-ITO immunosensor’s 
analytical performance.   
 
6.2 EXPERIMENTAL 
6.2.1 Apparatus 
Electrochemical measurements were carried out with CH instruments, model 
760b potentiostat.  Cyclic voltammetric measurements were conducted using a 
typical three-electrode cell configuration.  An aqueous Ag/AgCl/saturated KCl 
(3M) electrode was used as reference for electrochemical measurements with a 
platinum mesh counter electrode.  All potentials are quoted vs. an Ag/AgCl 
reference electrode and all measurements were made at room temperature.   
Electrochemiluminescence measurements were performed with Gene Gnome 
HR gel documentation system equipped with 16 bit CCD camera with a 
dynamic range of 4.8.  Image analysis was done using Genesnap software, high 
sensitivity acquisition setting and 40 s acquisition time.  A schematic of the ECL 
setup is as shown in Figure 6.1.   
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Figure 6.1: Schematic diagram of the ECL immunoassay instrumentation (a) 
SWCNT-ITO electrode, (b) platinum wire mesh counter, (c) Ag/AgCl/KCl (3M) 
reference electrode, (d) CCD camera, (e) gel-doc dark room, (f) computer and 
(g) potentiostat.   
 
6.2.2 Immunoassay procedure 
The immunoassay was performed using previously3,7,8 reported procedures on 
anti-IgG coated ITO electrodes.  The various steps followed are as follows: 
1. The anti-IgG SWCNT ITO sensors constructed as described in Chapter 
3, Section 3.3.4 was slowly agitated with 2 mL of 2% casein + 0.05% 
Tween-20, for 20 minutes followed by washing with 0.05% Tween-20 
and 0.01 M PBS buffer.  This was done to block the surface and 
minimize nonspecific adsorption of proteins onto the SWCNT-ITO 
sensor surface.   
2. Different concentrations of IgG-G1.5-[Ru(bpy)2PICH2] bio-conjugate 
were added to the immunosensor and the sensors were incubated for an 
hour at room temperature.   
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3. The incubation was followed by washing with 0.05% tween-20 and 
0.01 M PBS buffer.   
4. The immunosensor was then placed in an electrochemical cell 
containing 3 mL of 50 mM sodium oxalate in 0.01 M PBS buffer (pH 
7).  ECL was detected using the CCD of the GeneGnome gel 
documentation system, as shown in Figure 6.1, by applying a constant 
voltage of 1.6 V vs. Ag/AgCl reference, with a platinum mesh wire as 
counter electrode.  Two signals were measured for each electrode; one 
at time = 0 s and one (after integration of collected light) at time = 40 s.   
A schematic of the procedure is shown in Figure 6.2.  The constant 
potential was applied over the entire 40 s accumulation time and the ECL 
was recorded using the high sensitivity setting.  Control experiments using 
SWCNT forests sensor without anti-IgG (Ab1) coating and ruthenium 
coated spheres without secondary antibody- IgG (Ab2), were also 
performed and the results are reported below.   
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Figure 6.2: Schematic diagram of the anti-IgG-IgG immuno assay procedure.   
 
6.3 RESULTS AND DISCUSSIONS 
6.3.1 Analytical performance  
Figure 6.3 shows the CCD response obtained from the Gel documentation 
system when the SWCNT-ITO sensor was incubated with different 
concentrations of IgG coated ruthenium functionalised spheres.  The ECL 
intensity due to a particular concentration has been average over 2 trials (n = 2).  
The sensor was thoroughly washed after incubation to remove unbound spheres.  
Table 6.1 gives the respective number of IgG-spheres and ECL intensity 
corresponding to Figure 6.3.  ECL is generated upon application of 1.6 V vs. 
Ag/AgCl reference electrode, which oxidizes the Ru2+ centers present on the 
silica spheres to Ru3+ centers.  The oxidized Ru3+ centers interact with the 50 
mM sodium oxalate (co-reactant) in electrolyte solution to produce the excited 
Ru2* state that emits ECL upon relaxation to the original Ru2+ form.  The ECL 
emission route is thought to be similar to the one suggested by Miao and co-
workers for [Ru(bpy)2[bpy(COOH)2]]2+ immobilized on ITO where they suggest 
an alternate route in which TPA radicals diffuse and react with the immobilized 
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luminophore.17  The authors show, through SECM measurements, that the long 
lifetime of the TPA radical (i.e., 0.2 ms) and its typical diffusion coefficient of 
5x10-6 cm2s-1 are responsible for TPA intermediates formed at the surface of the 
electrode to quickly diffuse before deprotonation and cause excitation of the 
immobilized [Ru(bpy)3]2+.  Their experiments confirm the ability of form 
excited states at all positions of a 2.8 m bead on an electrode surface.  
Emission by catalytic route may also occur at the ruthenium coated silica 
beadCNT interface.17,18   
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Figure 6.3: False colour CCD ECL response of 12 printed SWCNT /anti-IgG 
spots after incubation with different concentrations of IgG coated ruthenium 
spheres.  The image was collected after 40 s accumulation time at constant 
voltage of 1.6 V in 0.01 M PBS buffer (pH 7) in the presence of 50 mM sodium 
oxalate co-reactant.   
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Table 6.1: Calibration data values showing the dependence of ECL intensity on 
IgG coated ruthenium sphere concentration obtained under constant potential of 
1.6 V, in 0.01 M PBS (pH 7) buffer electrolyte in the presence of 50 mM 
Na2C2O4, 40 s accumulation time.   
Sample Total no of IgG-
spheres added 
ECL ( ECLt=40 - 
ECLt=0) 
A 1.06x1012 45.7±10.2 
B 1.1.1.1.17 5.3
0x1011 
26.4±7.4 
C 1.1.1.1.18 2.6
5x1011 
12.8±4.1 
D 3.64x1010 7.0±3.2 
E 1.1.1.1.19 2.1
2x1010 
6.3±2.5 
F 1.1.1.1.20 1.0
9x1010 
4.3±1.1 
G 1.1.1.1.21 5.3
0x109 
4.0±1.3 
H 1.1.1.1.22 2.6
5x108 
3.7±1 
I 1.1.1.1.23 1.0
0x108 
3.3±1.1 
J 1.1.1.1.24 3.6
4x107 
3.1±1.1 
K 1.1.1.1.25 5.0
0x106 
3.0±1.0 
L 1.1.1.1.26 3.6
4x106 
2.84±1.0 
 
It can be seen from Figure 6.3 that the ECL signal intensity increases with the 
increase in the total number of IgG-spheres.  Spots of intense ECL are formed 
up to 5.3x109 spheres but as the number of IgG-spheres is gradually decreased, a 
more distributed luminescence is observed.  The signal homogeneity is not as 
good as that seen for commercially available fluorescent antibody arrays.19,20  It 
is important to note that unlike the ECL array reported here, those arrays are 
printed onto nonconductive substrates and there is significant amount of light 
scattering, auto-fluorescence and interference due to luminescent impurities in 
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fluorescence assays.21  In contrast, ECL assays are more selective and the 
electrode potential precisely controls the generation of excited states, in this case 
the ruthenium coupled to the secondary antibody and oxalate in solution.  With 
the gradual decrease in the number of added spheres, fewer IgG-anti-IgG 
couplings are expected to take place.  Hence, not all the capture antibodies are 
used up.  Indeed after measuring the ECL intensity from Sample H, as shown in 
Figure 6.4, when more nanospheres are titrated in, an increase in the signal 
intensity is observed.  This increase in signal indicates the presence of free 
capture antibodies on the sensor surface.  Table 6.2 gives the respective IgG-
spheres numbers and ECL ratio corresponding to Figure 6.4. 
+ECL Intensity Scale- ++
 
Figure 6.4: ECL response of SWCNT /anti-IgG spot after incubation with 
2.65x108 IgG coated ruthenium spheres (H) and the same sensor after 
reactivation and addition of another 2.65x108 IgG coated ruthenium spheres 
(Hrt).  The image was collected after 40 s accumulation time at constant voltage 
of 1.6 V in 0.01 M PBS buffer (pH 7) in the presence of 50 mM sodium oxalate 
co-reactant.   
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Table 6.2: Calibration data for SWCNT /anti-IgG spots after incubation with 
2.65x108 IgG coated ruthenium spheres (H) and the same sensor after addition 
of another 2.65x108 IgG coated ruthenium spheres (Hrt).  The image was 
collected after 40 s accumulation time at constant voltage of 1.6 V in 0.01 M 
PBS buffer (pH 7) in the presence of 50 mM sodium oxalate co-reactant.   
Sample 
Total no of 
spheres 
ECL 
(ECLt=40 - 
ECLt=0) 
H 1.1.1.1.27 3.74±1 
Hrt 1.1.1.1.28 
30
38.3±7 
 
The nonspecific adsorption of ruthenium coated spheres on anti-IgG surface was 
determined.  This was done by first coupling the anti-IgG to the surface of two 
SWCNT-ITO sensors, blocking the surfaces with 2 mL of 2% casein + 0.05% 
Tween-20 and measuring the ECL after incubation with 5.30x109 (G1) and 
1.00x108 (I1) ruthenium coated spheres respectively.  As the ruthenium coated 
spheres did not contain any IgG coupled to them, the ECL signal produced, as 
seen in Figure 6.5, is indicative of nonspecific binding of the spheres to the 
surface of SWCNT-ITO sensor.  Significantly, a very low average ECL intensity 
of 1.30.3 was observed.  The ECL intensity observed for the two different 
concentrations of uncoupled ruthenium spheres are given in Table 6.3.   
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+ECL Intensity Scale- ++
 
Figure 6.5: ECL response for non specific binding of anti-IgG on sensor surface 
and ruthenium spheres without IgG.  G1 and I1 represent SWCNT spots with 
anti-IgG after incubation with 5.30x109 and 1.00x108 ruthenium coated spheres 
respectively.  The nanospheres do not contain secondary antibodies (IgG) 
coupled to them.  The image was collected after 40 s accumulation time at 
constant voltage of 1.6 V in 0.01 M PBS buffer (pH 7) in the presence of 50 mM 
sodium oxalate co-reactant.   
 
Table 6.3: Calibration data obtained for non specific binding of anti-IgG and 
ruthenium spheres without IgG.  G1 and I1 represent SWCNT spots with anti-
IgG after incubation with 5.30x109 and 1.00x108 ruthenium coated spheres 
respectively.  The nanospheres do not contain secondary antibodies (IgG) 
coupled to them.  The image was collected after 40 s accumulation time at 
constant voltage of 1.6 V in 0.01 M PBS buffer (pH 7) in the presence of 50 mM 
sodium oxalate co-reactant.   
Sample 
Total no of 
spheres 
ECL 
(ECLt=40 - 
ECLt=0) 
G1 1.1.1.1.29 1.6±0.4 
I1 1.1.1.1.30 
.0
0.9±0.2 
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Also, another case of non-specific binding i.e., between IgG coupled ruthenium 
spheres and SWCNT-ITO surface was assessed.  In this case the SWCNT-ITO 
sensor surface was left unmodified and blocked with 2 mL of 2% casein + 
0.05% Tween-20.  This was followed by incubation with 5.30x109 (G2) and 
1.00x108 (I2) IgG coupled ruthenium-coated spheres respectively, for an hour at 
room temperature.  The sensor surface was washed thoroughly after incubation 
and the ECL signal was collected and is as shown in Figure 6.6.  This signal 
represents nonspecific adsorption of the IgG coupled spheres to the surface of 
SWCNT-ITO in the absence of capture antibody (anti-IgG).  Even in this case a 
very low average ECL intensity of 0.50.3 was observed.  The values obtained 
for G2 and I2 are given in Table 6.4.   
+ECL Intensity Scale- ++
 
Figure 6.6: ECL response for non specific binding of IgG on spheres to printed 
SWCNT surface (without anti-IgG).  G2 and I2 represent SWCNT spots without 
anti-IgG after incubation with 5.30x109 and 1.00x108 ruthenium-IgG spheres 
respectively.  The image was collected after 40 s accumulation time at constant 
voltage of 1.6 V in 0.01 M PBS buffer (pH 7) in the presence of 50 mM sodium 
oxalate co-reactant.   
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Table 6.4: Calibration data obtained for NSB of IgG on printed SWCNT 
without anti-IgG.  G2 and I2 represent SWCNT spots without anti-IgG after 
incubation with 5.30x109 and 1.00x108 ruthenium-IgG spheres respectively.  
The image was collected after 40 s accumulation time at constant voltage of 1.6 
V in 0.01 M PBS buffer (pH 7) in the presence of 50 mM sodium oxalate co-
reactant.   
Sample 
Total no of 
IgG-spheres 
ECL ( 
ECLt=40 - 
ECLt=0) 
G2 1.1.1.1.31 0.92±0.1 
I2 1.1.1.1.32 
.0
0.17±0.1 
 
The SWCNT-ITO sensor shows wide dynamic range and is able to detect 1012 to 
106 IgG-spheres.  However, a high array to array variability was seen, evidenced 
by the high error values shown in Table 6.1.  This could be due to instability of 
the self assembled single walled nanotubes.  The smooth surface of ITO results 
in poor stability of the self assembled films which tend to get washed away from 
the surface of the electrode.  This problem could be overcome by use of rough 
electrodes like pyrolytic graphite.  Also, it is observed that the NSB of the silica 
spheres coated with IgG to the carbon nanotube surface is high with the signal 
intensity being almost half of that obtained due to specific coupling (G1 and G).  
However, it is seen that in the absence of capture antibodies, lesser number of 
spheres tend to bind (non-specifically) to the surface of the sensor.  Protein –
protein interaction may be the cause for such behaviour.1  Antibodies are known 
to strongly bind to the sensor surface by electrostatic interaction and display 
high cross-reactivity to proteins with and without sequence homology.21  Due to 
this the dendrimer coated ruthenium spheres tend to bind more to the surface 
containing capture antibodies when compared to a surface without capture 
antibodies.  Figure 6.7 shows an ECL intensity plot generated from the above 
experiment where the ECL intensity is given by the difference between the ECL 
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intensity at t = 40 s and ECL intensity at t = 0 s.  ECL intensity decreases 
linearly with the decrease in IgG-sphere concentration up to 1x108 spheres with 
the lowest detection limit being 3.64x106 spheres.  Thomas et.al.,22 have used 
interdigitated array electrodes (IDA) to electrochemically detect 1000, 2.8 m 
dia spheres corresponding to 177 picoM mouse IgG.  The SWCNT-ITO arrays 
reported here allows much smaller beads to be detected with increased 
sensitivity and decreased detection limits.   
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Figure 6.7: Calibration plot obtained for IgG-G1.5-[Ru(bpy)2PICH2]2+ bio 
conjugate under constant voltage of 1.6 V, 40 s accumulation time in 0.01 M 
PBS buffer (pH 7) in the presence of 50 mM sodium oxalate co-reactant.   
The majority of the antibody arrays that have been reported are based on 
ELISA1,21,23 (enzyme linked immuno sorbent assay) format in micro titre plates 
or fluorescence format in the form of printed proteins or DNA spots on glass 
slides.11,24,25  An alternative format to microarrays is the xMAP technology of 
Luminex Corporation26,27 which does not rely on the spatial separation of 
capture molecules on glass slides (protein arrays), but instead uses beads for 
immobilization that are colour-coded by different ratios of two fluorescent dyes.  
This allows multiplex analysis of up to 100 different species in a liquid 
environment without any washing steps.  But these assays mainly use indirect 
 259 
labelling protocols21 which normally involves generic binders, such as species-
specific labelled secondary antibodies for the detection of primary antibodies or 
labelled protein for the detection of recombinant antibody.  However, due to 
high non specific binding seen in this format, sandwich assays using indirect 
labelling are becoming more and more popular.28  Cross reactivity is a huge 
issue with sandwich assays.  Deiss and co-workes18 have tried to combat this 
issue using an electrochemiluminescence pathway.  A multiplex assay using 
large polystyrene particles (3 m) loaded into wells of an electrode prepared 
from etched fiber optic bundles coated with gold was conducted.  They used 
biotinylated detection antibody which binds to the streptavidin modified 
[Ru(bpy)3]2+ complex to generate ECL with TPA co-reactant.  Though they 
report negligible cross reactivity, very high levels of antigen (1 mM of VEGF 
antigen) concentrations were used to show proof of principle.  Commercial ECL 
sandwich assays are available from Meso scale diagnostics (MSD),29 where they 
make use of specially made microtiter plates containing carbon electrodes in 
each well.  Each electrode is coated with capture molecules to immobilize 
different analytes in the sample.  Following attachment of a [Ru(bpy)3]2+ 
labelled bead,30 ECL intensity is measured from each well. Magnetic bead based 
assays are also commercially available from BioVeris30 whose working 
principle is as shown in Figure1.11, Chapter 1.  The MSD assays report a linear 
dynamic range of 3-4 logs for IgG-anti-IgG coupling with 0.5-5 nM limits of 
detection.29  The sensitivity of the MSD has been found to be 100 fold better 
than the ELISA and 10 fold better than BioVeris assays.  However the ECL 
signal still originates from a macroscopic surface.18   
Significantly, the above SWCNT-ITO sensor has very little signal due to 
nonspecific binding and can easily detect a few million nanoparticles (3.6x106 
IgG-coupled ruthenium spheres).   
Using the concentration of IgG on 3.64x1012 spheres (Section 3.3.5, Chapter 3), 
the concentration of IgG at various sphere concentrations (Table 6.1) can be 
calculated.  Figure 6.8 shows a plot of IgG concentration vs. ECL ratio and 
Table 6.5 gives the respective values.   
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Figure 6.8: Dependence of ECL ratio on IgG concentration of IgG-G1.5-
[Ru(bpy)2PICH2]2+ bio conjugate under constant voltage of 1.6 V, 40 s 
accumulation time in 0.01 M PBS buffer (pH 7) in the presence of 50 mM 
sodium oxalate co-reactant.   
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Table 6.5: Calibration data values showing the dependence of ECL ratio on 
calculated IgG concentration obtained under constant potential of 1.6 V, in 0.01 
M PBS (pH 7) buffer electrolyte in the presence of 50 mM Na2C2O4, 40 s 
accumulation time.   
Sample IgG Conc. / nM ECL ( ECLt=40 - 
ECLt=0) 
A 318 45.7±10.2 
B 1.1.1.1.33 159 26.4±7.4 
C 1.1.1.1.34 79.
5 
12.8±4.1 
D 10.9 7.0±3.2 
E 1.1.1.1.35 6.3
6 
6.3±2.5 
F 1.1.1.1.36 3.2
8 
4.3±1.1 
G 1.1.1.1.37 1.5
9 
4.0±1.3 
H 1.1.1.1.38 0.0
79 
3.7±1 
I 1.1.1.1.39 0.0
3 
3.3±1.1 
J 1.1.1.1.40 0.0
11 
3.1±1.1 
K 1.1.1.1.41 0.0
015 
3.0±1.0 
L 1.1.1.1.42 0.0
011 
2.84±1.0 
 
Thus, a linear plot of IgG concentration vs. ECL intensity is obtained with a 
dynamic range 318 nM-0.019 nM with a lowest detection at 1.1 picoM.  This is 
slightly lower than the value reported by Sanchez and co workers31 who 
detected 2.3 picoM IgG on carbon paste electrode by enzyme amplification 
strategy.   
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6.4 CONCLUSIONS 
In conclusion, a rapid, sensitive vertically aligned SWCNT-ITO ECL sensor has 
been successfully developed.  This chapter describes a new approach to 
antibody arrays using bead based electrochemiluminescence detection.  The 
array emits ECL upon application of suitable positive voltage and the CCD 
placed above the arrays captures the emitted light from all the spots 
simultaneously.  The SWCNT surface allows easy attachment of primary 
antibodies and increases the sensitivity of the sensor as a whole.  The surfaces of 
the nanotubes were effectively blocked with 2 % casein to result in very low 
nonspecific binding of IgG-ruthenium spheres.  Precise control over the pattern 
of SWCNT forest was achieved by inkjet printing.  G1.5 acid terminated 
PAMAM dendrimers were used which acted as size selective protein linkers and 
[Ru(bpy)2PICH2]2+ coated silica nanospheres, signal enhancement was achieved.  
However, a high array to array variability is seen evidenced by the high error 
values.  The stability of the self assembled single walled nanotubes on the 
smooth ITO surface could be the reason for this high variability.  However, this 
issue can be overcome by use of rough electrodes like pyrolytic graphite.  
Significantly, when compared to a similar technology reported in literature by 
Sanchez and co workers31 who detected 2.3 picoM IgG on carbon paste 
electrodes, this transparent ITO sensor shows a wide linear dynamic range and a 
remarkably low detection limit of 1.1 picoM for IgG. 
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CHAPTER VII 
SUMMARY AND FUTURE WORK 
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7.1 CONCLUSIONS AND FUTURE WORK 
In conclusion, this thesis reports on the development of application of novel 
nanomaterials in solid state ECL biosensors.  The majority of the ECL 
applications make use of solution phase systems where the ruthenium complex 
is in liquid phase and is continuously pumped to the reaction zone.1  Though this 
method is rapid and simple, it is associated with several disadvantages, such as 
signal loss due to diffusion of the ECL reagent out of the detection zone, limited 
ability to repeatedly electrochemically cycle an individual luminophore and high 
reagent consumption.1  Immobilization of the ECL luminophore on an electrode 
surface helps to eliminate these problems.  Ultimately, the development of 
sensitive and selective ECL biosensors depends on understanding the underlying 
charge transport kinetics and biomolecular interactions between the ECL 
reactants.  Thus, this work focused on studying the underlying mechanisms of 
charge transport through modified electrode surfaces with particular emphasis 
on the effect of nature of the luminophore, electrolyte, potential waveform and 
pH on ECL emission with a view to their application as a biosensor platform.   
Quantification of biological or biochemical processes are of utmost importance 
for medical, biological and biotechnological applications.  However, converting 
the biological information to an easily processed electronic signal is challenging 
due to the complexity of connecting an electronic device directly to a biological 
entity.  Redox polymer films are very attractive for this purpose.  In many of 
solid state ECL systems available it has been observed that it is difficult to 
control the thickness and morphology of the polymer film and to confirm if the 
emission arises from the bound material or from the electrolyte solution 
containing the leached surface material.  These key issues were addressed in 
Chapter 4 through electropolymerization of [Ru(aphen)2bpy]2+ and 
[Ru(aphen)3]2+.  Though electropolymerisation of similar compounds has been 
done in the past, to the best of the authors’ knowledge, their ECL properties 
have not been reported.  It was found that though electropolymerisation gave 
control over the thickness of the electrochemically synthesised polymers, the 
morphology of the films were significantly influenced by the pH of the 
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deposition medium.  For [Ru(aphen)3]2+ films, acidic deposition medium not 
only increased the surface coverage of the electrochemically synthesised 
polymers formed but also increased the charge transfer coefficients and ECL 
intensity by one order of magnitude (from 4.8x105 A.U. in CH3CN to 2.1x106 
A.U. in H2SO4) when compared to a basic deposition medium.  But on the other 
hand, [Ru(aphen)2bpy]2+ films needed higher pH.  This clearly indicates that 
even though there are subtle differences in the structure of the polymers, their 
behaviour could be very different depending on the surrounding environment.  
This finding is crucial as depending on the type of biological sample measured, 
biosensors need to operate in a range of pH values.  Future work will require a 
comprehensive investigation into the effect of solvent on the swelling properties 
of the electropolymerised films and its effect on the kinetics of ECL reaction.  
This could give valuable insights into the ECL kinetics of electropolymerised 
films.   
Recently, biosensor research is driven by the need to miniaturize the devices.  
Nano scale measurements are extremely challenging and device characterization 
and optimization becomes more and more difficult.  Novel tools that combine 
different sensing methods provide complementary information that is needed to 
understand the limitations of the sensor and to optimize its performance.  
Chapter 5 describes the successful application of [Ru(bpy)2PVP10]2+ within a 
surface confined layer coupled with sensitive lock-in detection.  The phase 
locked detection technique provided by the lock-in amplifier and the 
immobilized redox polymer layer enabled the achievement of significantly low 
limits of detection for oxalate (5 M).  Reduced signal to noise and better 
sensitivities were also obtained when compared to the solution phase study 
reported in literature.2  AC impedance spectroscopy and modified Randle-
Ershler model were also used to model the polymer/electrode ECL system.  
Encouraging results from the equivalent circuit was obtained with regards to 
predicting charge transfer rates however, it does not predict kinetic parameters 
accurately.  There was a significant deviation from the expected values and 
hence, further investigations addressing the addition of new circuit elements to 
the model or changing the initial assumptions is necessary.   
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Early, low-cost point-of-care detection of biomarkers for diseases is crucial to 
diagnose and to manage health problems world wide.  An excellent example is 
the widespread use of the glucose biosensor for monitoring diabetes mellitus.  
Many biomarkers are present in the nano molar range (cardiac troponin I 0.35 
ng/mL) in blood.  Hence, there is a fundamental requirement for biosensors 
which can detect pico or femto molar concentrations of biomarkers.  This was 
achieved in Chapter 6, by signal amplification and superior biomolecule 
immobilization strategy.  The patterned assembly of nanotube forests on 
transparent ITO substrates is described.  Though reports of self assembled 
carbon nanotube forests on non transparent substrates are available, for the first 
time, a transparent substrate has been used in this work.  A novel approach was 
used to develop an ECL sensor using G1.5 acid terminated PAMAM dendrimers 
and [Ru(bpy)2PICH2]2+ coated silica nanospheres.  The dendrimers acted as size 
selective protein linkers and the ruthenium coated spheres lead to significant 
signal amplification.  Remarkably, the ITO sensor showed a wide linear 
dynamic range and was capable of detecting as few as a million IgG-spheres 
(800 nm dia) with a lowest detection limit being 1.1 picoM IgG.  Future 
direction towards testing clinical samples and developing multiplex arrays is 
clearly envisaged.   
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